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Preface

This report was prepared by Engineering information Systems, Inc. under

NASA Contract NAS8-31974 for the George C. Marshall Space Flight Center

of the National Aeronautics and Space Administration. The Contracting

Officer's Technical Representative was L. A. Kiefling.

This document consists of the following revisions to the SPAR Reference

Manual.

Vol-=l:

Delete Pages: Replace With Pages:

TITLE TITLE

i i

(new page) vi

(new section) All of Section 13

Vol-2: TITLE TITLE

i, ii i, ii

(_ew section) Pages C-I through C-4

Vol-3: TITLE TITLE

i, iv i, iv

(new section) All of Section 18

Submitted by

Engineering Information Systems, Inc.

W. D. Whetstone

President
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FOREWORD

The version of the SPAR system described in this report was developed

by Engineering Information Systems, Inc., under contracts with the George

C. Marshall Space Flight Center and the Langley Research Center of the

National Aeronautics and Space Administration° The contracting Officer's

i

Technical Representatives were L. A. Kiefling and John Key, MSFC, and

Jo C. Robinson, LaRCo

The purpose of Volume 1 of the SPAR Reference Manual is to fully define

the functions and rules of operation of the system. This document is not

intended to stand alone as an introductory guide for new users° It is

expected that new users will either attend introductory courses, or be

assisted and advised by analysts experienced in the use of SPAR. It is

assumed that users are familiar with finite element theory and execution

procedures (run set-up, control cards, etc.) on Univac Exec 8 or CDC systems.

Submitted by

Engineering Information Systems, Inc.

W. D. Whetstone

President
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Section 13

CEIG - COMPLEXEIGENSOLVER

Function. CEIG solves high-orde_ linear eigenproblems of the form:

12MX+ I(D + G)X + KX = O. (i)

Coefficient matrices M, D, and K are real and symmetric. G is real and

anti-symmetric. M may be either diagonal or in SPAR-format. D, G, and

K are in SPAR-format. The computed eigenvalues and eigenvectors, % and X,

are complex. The primary application of CEIG is to compute a limited

number of eigensolutions for damped and/or spinning structures modelled by

finite element systems of high order, i.e. many thousands of degrees of

freedom.

The solution procedure used in CEIG is analogous to the one used in EIG.

Beginning with initial approximations of n X_s, a two-phase iterative

procedure is executed:

i- A Stodola-type iteration is performed for each of the n X'so

2- A complex Rayleigh-Ritz analysis is performed, utilizing as

generalized coordinates coefficients of the n improved eigenvector

approximations computed in the Stodola phase. The output from the

Rayleigh-Ritz analysis is a further improved set of eigenvector

approximations comprised of linear combinations of the vectors

computed in the Stodola phase.

To cause the iterative process to converge on different solutions, a

shifting parameter, s, i_ introduced. Adding s_Xto both sides of Eq° (i):

( 12 + s)_E_ + I(D + G)X + (K - sM)X = O. (2)

The solution procedure is discussed in detail in Volume 2 (Theory) of the

SPAR Reference Manual. Example input and results are contained in Volume 3.
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Coefficient matrices:

D (optional)_ __

_--_..__. (K -sM)- I

Optional input, initial

approximations of eigen-

vectors and eigenvalues:

RVECCEIG nset neon

IVEC CEIGnset neon

RVALCEIGnset neon

IVAL CEIG nset neon

of final iteration,

/ \ eigenvector and eigenvalue/ \
/ '\

/ ,
/

',, approximations:/

_/ J \ [--RVEC CEIG nset neon

/ l
/ IVEC CEIG nset neon

i RVAL CEIG nset neon
i

__j _VAL CEIG nset neon

Notes:

(I) Either D or G, but not both, may be omitted.

(2) RVEC contains the real par_ of the eigenvector approximations.

(3) IVEC contains _he imaginary part of the eigenvector approximations.

(4) RVAL contains the real par_ of the eigenvalue approximations.

(5) IVAL contains the imaginary part of the elgenvalue approximations.

(6) If RVEC, IVEC, RVAL, and IV_L are fu_-nished as initial approximations,

_hese data sets will be overwritten (not deleted and superseded b_ new

data se=s having the same name)° If you wish to save the original data

sets, use DCU _o make copies.

(7) RVEC and IVEC are in SYSVEC format.

Figure 13-i CEIG Data Transactions
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CEIG data transactions are shown on Figure 13-i. If RVEC and IVEC do not

exist, CEIG will generate RVEC (containing random numbers), and IVEC (contain-

ing zeroes). The coefficient matrices are identified by the commands

indicated below. L and ncon are established by RESET controls
S

@XQT CEIG

RESET P1 = v 1, P2 _ v2,

M= Lib NI N2 n3 n45

K= Lib NI N2 n3 n45

D- Lib NI N2 n3 n45

G= Lib NI N2 n3 n45

KINV= Lib NI N2 n3 n45

$

M in Eq.(2), default M= L
S

K in Eq.(2), default K= L
S

D in Eq.(2), no default

G in Eq.(2), no default

(K - sM) -I default KINV= L
S

DEM MASK MASK MASK

K MASK MASK MASK

INV K ncon

RESET Controls°

Name

SOURCE I

DEST i

LTE_ 21

CM .0

SET 1

CON 1

N 0

NDYN 6

CO_'_V I0.

Vl .0

V2 .0

N_EQ 0

Default

Value

-5

Meaning

L , the primary data source library.s

Destination library for RVEC, IVEC, RVAL_ IVAL output°

Temporary library used to contain results of intermediate

computations.

Value of the shift parameter, s, in Eqo(2)o

nset (see Fig. 13-1)

ncon (see the KINV command above, and Fig. 13-I)

N= n, the number of initial approximations to be generated.

In the default case (n=O), iteration on existing RVEC and
IVEC data sets is resumed.

Maximum number of iterations. Note that if N-DYN=0 and N#O,

the output RVEC will contain random numbers, and IVEC will

contain zeroes. It will sometimes be useful to use AUS/

UNION to concatenate initial vectors so produced with

other initial approximations.

Iteration termination controls. The measure of convergence

of eigenvalues at iteration j is e = I - r )/rjl
where r = the modulus of the eigenvalue(rj, j-i

An eigenvalue is converged if e is less than CONV. Execution

will be terminated if at least NREQ ei_envalues have

converged, and there are no unconverged eigenvalues within

the range, VI < r < V2.

* Note that the K-- command indicates K (not K-sM), if a shift is made°
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RESETControls, continued:

Name

HIST

CMETHOD1

Default

Value

CBAL 0

Meanin_

Any non-zero value will cause a printout to be produced
displaying the history of eigenvalue approximations
computed st succesive steps in the iterative procedure.

If CME_FHOD= i_ eigenvalues _s computed in the Rayleigh-

Ritz phase of the iterative process will be stored in

RVA£ and IVAL. If CMETHOD= O_ an alternate procedure

is used.

CBAL= I to utilize "balancing" in the Rayleigh - Ritz phase°

Core Requirements° The _inimum core requirements of CEIG are slightly

more than nwice the n,_be_ of syste_ degrees of freedom (ioeo the number

of joints x the noo of dof/joint) plus the greatest block length of any

of the input arrays. For example, if the structure has i000 joints and 6

dof/join$, and the greatest block length of M, K, G, D, and K -I is 3584,

the minimum core requirement would be slightly more than 12000 + 3584.

However, it is usually best to furnish at least twice the minimum amount,

in order to reduce I/O activity° CEIG automatically uses all extra core

space to minimize I/O costs_

Costs° Execution costs will be approximately proportional to the number of

iterations times (C 1 + C 2 + C3) , as defined belowo The constants Cl, c2, and

c 3 will vary from system to system•

C I = c I x n x (Ic_, + I 3 ) , linear equation solutions, MX, KX DX

and GX multiplications.

2

C2 = c2 x n x (no. of joints x no. of degrees of freedom/joint),

• X tinner produot operations e.g (_).

3
C 3 = c3 x n , Rayleigh- Pitz solution.

The above equations are not precise, and are intended as a rough guide only.

Normally, the c I x n x Ic2 te_ will dominate if a few modes of a very

large (e.g. many thousand d.o.f.) oroblem are computed° It will often

be very cost-effective to use real modes computed by EIG as initial

approximations.
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FOREWORD

The version of the SPAR system described in this report was developed

by Engineering Information Systems Inc., under contracts with the George

C° F_rshall Space Flight Center and the Langley Research Center of the

National Aeronautics and Space Administration° The contracting Officer's

Technical Representatives were L. A. Kiefling and' John Key, MSFC, and

Jo Co Robinson, LaRCo

The purpose of this document, which is intended for use in conjuction

with Volumes i and 3 of the SPAR Reference Manual, is to present

information concerning the basic assumptions underlying various

components of the SPAR system° A separate Table of Contents is given

for each Section of this volume°

Submitted by

Engineering Information Systems, Inco

W. D. Whetstone

President
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CEIG- Complex Eigensolver

CEIGsolves high-order linear eigenproblems of the following type:

12MX+ I(D + G)X + KX =0.

Matrices M, D, and K are real and symmetric. G is real and antisymmetric.

M may be diagonal or general (SPAR-format). D, G, and K are SPAR-format.

The complex eigenvalues and eigenvectors, I and X, occur in conjugate pairs.

(I)

The primary application intended for CEIG is computation of a limited number

of eigensolutions for damped and/or spinning structures modelled by finite

element networks of high order, i.e. many thousands of degrees of freedom.

Iterative Procedure

CEIG iterates simultaneously on approximations of n eigenvectorso In the

following discussion, YR and YI are the real and imaginary parts, respect-

ively, of the current eigenvector approximations at the beginning of an

iteration cycle° That is, where the current approximation of X j isYJ + iY j,

2 _ _ y_}YR = {Y_ YR

2 _ _ y_}YI = {Y_ YI

Each iteration cycle consists of the following steps° Details of individual

steps are discussed later°

I- Eigenvalue approximations, lJ, corresponding to each eigenvector

approximation, Y_ + iY_, for j = i through n, are computed and compared

with the corresponding eigenvalue approximations as determined in the

preceeding iteration cycle. If the convergence criteria are met (see

Volume i of the SPAR Reference Manual) execution is terminated.

Otherwise, the following steps are performed.

(2)
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2- A Stodola procedure is executed to establish improved eigenvector

approximations, ZR + iZ I, where

, i T2 _
ZR = ,IZR _R - - ZR}

1 ,._2 n

ZI = {Zl _°I - - ZI }"

3- Preparatory to performing a Rayleigh - Ritz analysis in which

coefficients of the (Z + iZ ) 's are used as generalized coordinates,

the following twelve n by n matrices are computed:

t M ZR, Zt M Z I I_ZR 'R , ZI M ZI

t D ZR t ,i_ZR , ZR D Z I , ZI D Z I ,

t G ZR t G ZI t. G ZI ,ZR , ZR , Zi

t K _ _ Z t K ZI Z t K ZIZR ZR R _ I °

(3)

(4)

4- A Rayleigh - Ritz snalysis is performed, resulting in computation of

new approximations of n eigenvalues_ and the four Ekm matrices used

in the following step°

5- The final step in an iteration cycle is back-transformation of the

eigenvectors computed in the Rayleigh- Ritz procedure:

new YR = ZR ERR + ZI ERI

new YI = ZR EIR + ZI Ell" (5)
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Computation of Eisenvalue Approximations.

In Step 1 of each iteration cycle, eigenvalue approximations, _J= _ +

for j = 1 through n, are determined by replacing _ and X in Eq.(1) with

xJ and YJ, and pre-multiplying by (yj)t, as indicated by the following

equations. Where

a - (yJ)t M YJ,

b = (yj)t D YJ (note (yj)t

¢ = (yj)t K Y J,

a (_j)2 + b _J + c = 0

G YJ = 0 since G = -Gt), and

(6)

(7)

From Eq°(7):

_j _ I _ b + i 4 c = o (8)
2 L a - a

Solution of Eqo(8) is simplified by the fact that although a, b, and c are

complex_ c/a and b/a are realo

Stodola Procedure°

Eqo (9) below is equivalent to Eq.(1). The +sMX and -sMX terms are intro-

duced to furnish a means of causing the iterative procedure to converge on

solutions in different regions. The parameter s is analogous to the

spectral shift parameter used in inverse power iteration procedures for

solving real eigenproblems.

(_2 + s) M X +X(D + G) X + (K - sM) X = O. (9)

Eq.(9) may be re-written as Eqs.(lO) and (ii):

F= (X2 + s)MX + X(D + G) X, and

X=-(K - sM)-IF.

(i0)

(ll)

C-3



In the Stodola procedure, each of the n eigenvector approximations, YJ =
. o

Y_ + iYi, for j = I through n, is used to compute an improved approximation,

zJ = ZOR + iZ j, as follows:

- On the right side of Eq.(10), X and X are replaced by _J and YJ, to
_ °

compute a Stodola "force" vector, F-- F]R + i F_

- Replacing F by FJ in Eq.(ll)_ the real and imaginary parts of Zj are

computed as:

_ _ jZ_ = -(K-sM) -'I F

- Zj is normalized such that the greatest modulus of any element is one.

_Rayleigh - Ritz Procedure

Eqo(5) may be written as

[YR+ i YI]

where

QR = ERR =

= [ZR + i Z[]I> R + i QI]

Eli _ and QI = EIR = -ERI °

The Rayleigh-Ritz procedure consists of replacing X in Eq.(1) with the

above expression for [YR + iYI] and pre-multiplying by [Z R + izi]t

This results in the following low-order complex eigenprob!em:

where

[_2_ + _I(D + _) + _]QR + iQl = 0,

i

M =

K --

D =

G =

(ZRMZ R - ZI_'LZI) + i(_MZ I + ZInMZR)_

(ZRKZ R - Z_KZ I) + i(ZRKZ l + Z_KZR),

_ t (ZRDZ I Z_DZ R ) and(ZRDZ R ZIDZ i) + i +

t _ Z_GZI) + t Z_GZ_)(ZRGZ R i(Z RGZ I + .

(12)

(13)
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The complex eigenvalues and eigenvectors at Eq.(13) are computed with a

set of routines from the Eigensystem Subroutine Package, EISPACK. Before

entering the EISPACKroutines, Eq.(13) must be converted to the form

[A - kI]X = 0

To accomplish this, let

= IQ, where Q = [QR+ iQl]"

Substituting Eq.(16) into Eq.(13) and introducing the equality

M Q = XMQ yields
-- _ -1 "]

(D + G) QI
P

O

+X --M

R--Q]
J

-- j s

0 Qj

O_

F0 fi l

Premultiplying Eqo(17) by i produces the desired following

_-i 0

fo_ for the'reduced eigenproblem:

- _" rl0 I _-Q Q

-_I = O.

_e eigenvalues i and eigenvectors [Q _]t of Eqo(18) occur in complex

conjugate pairs. One vector representing each conjugate pair is selected

and used to construct the transformation matrices E_, ERI, EIR, and Eli.

(15)

(16)

(17)

(18)

* The EISPACK system of eigensystem routines was developed by the Applied

Mathemetics Division, Argonne National Laboratory.
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18o VIBRATION OF ROTATING AND DAMPED STRUCTURES

The usual formulation of the linear eigenproblem for damped rotating

structures_ as indicated in References 1-6 at the end of this section, is:

%2MX + _(D + G)X + KX = 0 (I)

In Eq (i),

M - Mass matrix

D = Damping matrix

G = -G t = Coriolis matrix_ and

K = Ke, the elastic stiffness matrix,

+K ,
C

+Kg,

the centripetal force effects matrix,

the initial stress stiffness matrix° (2)

In the following equations, it is assumed that M is based on a lumped mass

model° The subscript i refers to joint i, for i=l through n, the number of

and m are constant spin ratesjoints in the structure° In Eq (3), mx, my z

about global axes x, y, and Zo

w I

W=i

I
w 2

o

©

¢

w
n

, where w. =
1

0 -m m 0 0
z y

0 -_ 0 0
X

0 0 0

0 0

0

anti-symmetric

0

0

0

0

0

0

(3)

G

K
c

(4)

(5)
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The initial stress stiffness matrix, Kg, is based on the stress state
corresponding to joint motions U in Eq (6):

U - -(K + Ke)-I K P where
C C

(6)

p

Pl

P2

e

®

Pn j

, and Pi

Lo

©

(7)

In gq (7), x i, Yi and zi are the position coordinates of joint i relative

to the spin center.

In the preceding equations GX is the force due to Coriolis acceleration,

KcX is the force due to centripetal acceleratic, n, and -K P is the centrifugalc

force vector caused by constant spin rate.

The purpose of this section is to verify the function of CEIG and to give

examples of CEIG output°

Sections 18.1, 18.2_ and 18.3 compare CEIG results with published results for

several spinning structure problems. Section 18.4 illustrates computation

of damped modes of a cantilevered beam. Section 18.5 illustrates application

of the spectral shift parameter, s.
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In several instances, eigenvectors are displayed in polar form.

l_le following procedure was used to obtain these displays:

1

4
5

7

I 0
]i
12
1:7
14
15
16
17
.-:

,:'0
21
22

:;07-,r F_U:-
DHLIHE=O: DUTLIP.=2: IML IB=2
9EFIt4E P= I P',..'ECCEIG I 1 t4._

9EFIME I= i IVEC CEIG I I H.,.

F'_'= :S:CU_tF4PE ,:F":,
[ __'-':_.:lTIlollZll_'E':I :'

F'2 I E'=:SUM ,FF'_, 1 2)

F'::_CJT=:_:IP F'T ,"_'21P:'

F;'I =F;'EI-: I F' ,:F'I:,

TFtr._=F'F;'rlD ,:iI • P 1 i:,

F;':7i7= :- C'_' T '1_'2>
F':-:C_I=F'EC: IF' ,i I_':_::l-!i:,

:7 1 GH = F' I='[] D ,:F' • F.':-:C' ! i:,

PMCIII=PF'r117 ,::S I L'4t-4• F'L-.:I?T>
C]UTL I P= 1

F'OLF' CEIL: r4_, O= LIMIOH,:PMOI,,TF_HI:,

ALPHI'q: i-:I_:5:ETITLE:- tim 0

I "E IGEH',,,'ECTDF ' MI]£JIJLU:5

2"TI'_MGEHT OF E IGEM',?ECTQF' F'HIq:_E F_HGLE:[:
:_.J',_:h-JT ","F'F' T

TF'F'II"_T PELF C:EII__ t'4® O"F'OLF_F' FI]F'M OF EIGEI"4',.,'ECTC]F' I"4_
3 TDF'

Change all N* to vector

number before executing

this procedure°

18.3



18.1 SPINNING AXISYMMETRIC BEAM

Vibrational modes were computed for the undamped axisymmetric cantilevered

beam shown below. Results are compared with the analytical solution given

in Reference 1 (Likins).

--

I
I

L

i

n

A z E = I0o x 106 ib/in 2

p - oI ib/in 3

L _ 40. in

II_ 12= 4o x 10-5 in 4
2

A = o001 in
i

' --- Y _ = 8.22 cps

In this problem, D and K in Eqo (I) are zero°
g

ten E21 beam elements of equal length°

The beam was modelled as

, Results

Frequencies(Hz) of Frequencies (Hz) of the spinning beam:

the non-spinning beam

computed by SPAR/EIG Analytical solution SPAR/CEIG results

13o616 5°396 5.395

13.616 21.836 21.836

83.429 75°209 75.209

83.429 91o649 91.649

228.985 220°765 220.764

228.985 237.205 237°207

As indicated in Reference i, the oscillation of the spinning beam iz a

circular motion of all points on the beam. The displacements in directions

i and 2 are always 90 degrees out of phase. Mode i is displayed in both

rectangular and polar form on the following page.
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5 o :if_2+nO _o4!2+nn
6 . 147 =+00 -o591o>00
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6 .59]+00 . ]47'+00
7 .779+00 o194+00
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• 00 0
.3 7 O- 1E:

. 104-1Y
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- 000

- .--'72- 02
- 4:75= (E'
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-- :_'?0 5 - 0
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5

. 1 09- 01

. 1 '-_5 -01
o £5 :-:- 0 I
: 2:0 !:i_ ('i 1

: :'4-= n I
:' :'4- f) 1

o 2:::':6- I:,1
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. i:l il 0
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• I:i i i)

• I) il 0

• 0 ,i 0
1711! 171
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..,.,

4"

'i

¢

@

<i,

.tb

F'EILRF' FOF'H OF EIGEr-4'.:EC:TOF' 1
EI GE/4YECTOF' r.ll]Di_iLU::

l_i[] I HT 1 £
1 o I:1 i:l I:t . I.II, I,

:-: . i .--'4+ 0 A -. I 2:4 -,vi:l0
4 . 2:5'a+ 0 I:l -. Z'5': _-i:0 !7

< 4_._4+ I:l I'1 :. 4_:4"# t:11:i

_' • _. !71'.Zi'I" 0 l:t --o _. i'i?+ CI 11
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::-: o 1 17117I+ I'11 -o 1 t:t I'! + I'1 1

E
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. I:i I)I)

4

• i)0 171
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r
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. 1 i 7-r:l
. £1,1-0!
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171!'1 I 1
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• i)Oli
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• I:l i:l I'i

F'OL_F' FE3F'r,'_ l'lF EIGEre,..'ECTI]I: 1
TAHGEHT ElF E ILqEM'.,.'ECTEIP F'i'4t:'!:E

_il-=JI I4T 1 a'<
1 o 0 0" . 0 n 0
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• I)I)(i

18.5



l_ut Data

The following runstream was used to produce the results described in
this subsection:

I ?'U!E :-P'_I_;'-A., !.:I:'!.

E' .9>::g'T T A :B

-: :_.:TAP T '3 l
i

4 i"I_TL-:, I (

5 JL[]F:: I Create G may-
6 B,B in SPA2-format,

7 I O. : I__=,2'9_-04 P. : : : : $ land store it in SPAR-Bo
:'3 E' O. : .7645'9-(.'14 h. : : : : $

':., :9::.::1:::.,T ELD

I 0

11

i -:

14

16,

_ p.-'-P

I :-::

I'_

E' 0

_'1

_2,

£'4

_'7

_-,,._

3 0

3:_.
-:3

74

-:5

2:'_,

%, .2.,

L::9

4 0

41

4-'

4 9

,44

4.=

46

a_7

L

=--

E25"':',,,._ ,..,,:"3 _'-,':4 4:M_ _,:6_ a,'7_. 7

MS:ECT ,-: 1 1,:'-c :-:

:;._::..':F,T E

:9>::l--tT E I<l.:

:9':" I'T TOF'O

;;r:.::C T k

:9::<i7 T ]) C LI

,::N_tHGE 1 I.:: '-F'A_:' --'.6 0, '3 :S:F'AP :36' 0;gU:-:E :-:F'AIZ'-I-:t. , :_':F':--'.
:;JIJ _:E :3:F'A_:'-B. , :-:P I.

:9::.::L.'.'T T _ :B -J

-:T_PT '7:

I"IATF:: 1 i O. h+0,_. 0. :-7 O, 1

_IL I'lL-: : 1 I:1, I_'1® I:1. I.'l_ I:i. 4 I:1= :_: ,1

];:_: GlVm 1 4.-FI5 I:1, 4.-1:15 i.]. 1o OL]_O:-:

MF::'EF: 1 1 1 I Io

,::Or,_ 1: 2E_'O 1 2 _ 4 5 6: 1

2EI_'0 6,: 2,:-7

9 ::::I.-1T E L It
EE'I: 1 -,-'1 7

.9::-::I--.,T E

P.E I_.ET G= 9,:s'.6.

:_.:.:i7 T E K :S

;9':.::7 T T [:]P {::/

;'>::C'T _:
.;,:'..::I:_T I l'*'..'

g,::.::F,T E I G
F;'ESET I1'4 IT='8, H_'E,}=E,_"

:9 ::-::r, T B C U

C []P"," 2, 1 G 'S I:'A I:' ::':6, I:1

-:",":_:'...'E C : u:.:

I=l ,....:': _I=I.L::: 26.E.7.=,,_ 2,:':.A7. =,_

I.::C = F't;' []]) ,:hi-, D E r,1)

:9 ::'::C!T I H'v'

_:'E2ET 1'::=r::EI'::C

9::'::F,T C E I G
_'E_:ET HI:::'EC'=4, H I :"-:T= 1, I'"1=6, mIY,-'r-.l= 1 0

r.1= 1 D E r,1

I.: = 1 I.::E k F:

G=I G
L: I r.l',.'= 1 [ H',,.' k E I.::F

-TO='

CompuVe modes of vhe

non-spinning beam.

Move G from SPAR-B to SPAR-Ao

Compute K and (K - K ).
0 e o

Comvute modes of the

spinning beam.
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CEIGPrint-out

The following printout was produced by CEIG in executing the problem described
in this subsection.

_;<::OT CEIG
I_F'EO= 4

H I :_T= 1
H = 6

14[P,'H= I 0
Z,_TIa -:F'FtCE= 20000

i TEF;'F_T I OM _', HO L DRY., El: bED F'L"JE3T_
ITEF'F_TIOIN :-:, MO F[]tv...'Et;'GED F'OUTZ

ITEI:'IaTIOM 4, I't0 CI3H'-'EPGED I:;'OEIT"

_JTEF'I_TIOM .5_,, MO L, ODVEPGED F'[qEIT:Z
iIEF'F+TI[3M 6, _: POOT? L-Orv..._EF'GED

_'EAL "f r.!AG ! I-_AF'",

7: . 7:249 E'9'93 - 04 ,...1.7 E:5;5 0 0 i) + ,):3
4 . ,-"75':_ 154 i:!-- (14 .575_'_:47,_7+ 0:3

!'TEF::'IaTIOM 7, 3 F'DO'T5 rUDVEF'GED

_'EF_L I r,IAG [ rt_1:. '.,-'

2 o 18-1 0 o 5 £- 0 _' , 17:71 '? C-::7:6 + o.-::
:: - =,::: 14 £ 09 a. - n E' _ -" _"=,4 '-' _:;- _-n -'

4 . 449:_::1141 :_::--I]_' _ 575:_:474_'"I" I]:?

ITEF'laTIOrl L::, :7:POOT_ i:EJr4'..,'E_'I3EZI

REF_L [ MlaG I t_A P'r'

-' _ :-'.79E'9 0:95-04 o 1 E:71 q7 :: 1 + ,','":
":: -o 94, :7:5'? :-:61 - '] 7: o 472547:4 0 + '7'2

. _,£4, 41"14_'--1:14 _ _,,7_,;::44:2: ! "_" I]: -'

ITE_'_TIIDM 'T_, 5 la'OOT:' COrv..'EF'GEZI

F'EF_L

% .....a . :P.6 h"_4_¢,A - 1",4

7: . 144 _,5 :-:0 :_:- 0:7:
4 . :-: :E:57 q 7-_-:4 E'- n 4

=. -. =-'='_,.-_,41 5e.4- n--.
6 -. 1 1 7-: 17: :-:9- "1_-'

,7CHFLE:::: E I GEPt',I,'I'_LI_IE:_ •
: E'7' F'EtaL

1 -. 15 05 -: :.:;'?'?- n :7:

c o :-:d.0'a4. 8:5,"7.- n4
:' ,, 14 465 7: n :-,- !):!::

4 -. :-:'.-:5 7'? :7:4 E'- n 4

-. 72'54 1564-0:7:
; -. 1 1 7:7, 1 :_:::-:9- r,.-"

I r,IRG I ttAPY
. I _::71 'a 7 ? 7-:+ 0-:

.4 7 £ 54 :_:::-:2 + n.::
• _, , , ,7, 4 ,_ I ::"+' I] --:

o l E::-'"71 0-:2 + n
, I 4'a 14,4145+ 04

I TEF'AT I r3r.! .:.,
I t'llaG I tiFt_","

. 7:?9 ':'':'7:5£+ 08

,_ 1 7:71 '? 77::?. + (' 7:
_,472 54 L:::_::£ + 07:

57 5 :?4 :E:1 E:+ 0:7:

,, I 7::-:71 n :-:2 + _ 4
• 149('4145+04.

H2

=, -,q c:- 4• _:.. , l 04+"1

: E ]. :-: :!::5 _, 4 ] + !)2
° 75 2 r, :-:5 n :-:+ n E

o'_i v,4_ L 14q+0_'

:' :' (('7°6441. + n:

-' ::TP f,,A,:a_,+ r, :,

.2':.::.--' 0£ I)E'-'-04

. IE.67:,-'g-_.TJ..-n__.
7: :_7 q ::' < q _ - (i6:

•_ 7 E. 7:'7: 0] 9- +.'5

, i (,:-: q ('-a 6. 7 - __5
•7' (,'E'a 6 ,'::;,1 : - ,:,5

)

18.7



E ILxE re'"F'Lire ITEF;'F_T101'._
ME:DE I

IT PE_L

! • 00000000
,

•2:15 06.906- 0 !
2 • '9_,,'-::':_4 77,- 02
14 o-.-_ o -- • ,::.-:, e,'_ 097"-0 :::
5 • ::-:56_: 0565- n:::
,a. o_ =. ,:_-,,-....- -- _,4. :,,:-,_,.r:--f'14

7' . 19 07:34 :_--:6- n:3

:-: .21 :-::-:e,2 L-':$- 0:7:
,z, ° I=-= ....,.-,-.- ._,lL,=.:,4,:,_ 03

H_r'E

IT I:'EF_L

! . n 0n 00000
_' o :373 n 92 6 n- n 1
;7: .490 :.'-:'3:.::1 '.=- n 1-,4 .

4 -. :7:74456,72- 01

-' -. 15 :_::6 L=:n 17- n 2
E . 1624:-:g77- 0:_--'.
7 .18'TlO05P-n2
2 -. ::-:79890:-: 5- n 4
q •:?g.,09 4 2 5 6 - n 4

r'_DDE ::

i'r _:'ElaL
1 . ono,'JOOnO
g' -'.,c' . .-- ..... 4 c 18' 7::.--:+ n :7'

l : : " }3 l_: ' 3 1 ]3 El El _'-- [) :]:

4 .25 :_::5:7:'?54 - n2
_' .9 :-'._ n 6 n:-',1- 0:_'-:

-. 5 7:14 2 09 a- 08'
:- -o 9 4 -: _ 9 :_:E 1 - n :7:
'_ . I 4'4_._,:::1"1"2i--I'1 '-,

NIIS, T_F.,I..

I HF% Ir-_F_P'r'
• .a:'_ '_ 55 '3_ :::+ 05
• 375:_:: 05,-"2+ 08
• 7-:3 '? 0. E"-:9 + n 2
. 729027':,;:' + 0 E'
. :339r h:-:5 O+ n2
.:-'-::.":9011L::O+02
.3 :-:9 n 0747 + 0 E'
. :3.::'? n 130::-: + n2

"-'='q " " :'=" 082

MI]DLILU:Z.:
o399559;3::: + n=,

.375:_--:05:35÷0E.'
• 7:390729 0+ 02
• :7;:D,'3 [1,._7 '_;?-#,.I:lE'
•.E:__--.:.._n0:3:5O+ 02

•:::_'-:9nI I:-:0+ C,2
.7:7:90 n7'4 7 + OP

.3;--_9 nI -',0'._-".+ 08.'

• -:;--':'_(' 0:_::52+ 02

I MF.311"qal='y
. :':;797 CI'_1I 4+l;15

• 49 099 0 :_--:4 ÷ 0:3
• I:-:789155+ ,;l:-:
o -,,I_:::nI÷0_::
. 1 :-:718:19:_:: + 0-_
• 1 :.":719-7?,+0;3
• :, , 19::':;-:6 + 07:
. 1:7:7197:7:1 + 0 :_--'
o i :_::71973::-:+ 0:?

r'_DDUL L_:-.
" ? 7'7"tl-: IJ '2t 144-f'l 5

. 490990 :-'4 + n:,
. 1 .::7.--'915_+n:.

1371 _':'n I+ h ::o ._,, . _

. 1371 :_::1 '? L--:+ n ::-:
o 1371977 :-:+ r,_'-'
. ] :7:71 '? :_:::7:6+ n :?

' 1 ]: 7 1 '_ 7 7 _: 1 + '' l ] '

• I:-:7197:7::]:+ n_--,

I ;'lAG IHF+I='","
. :7:0247 ,'12'?÷ 05
•:3956,07 _,+ 0:7'.

•47_574 ',5',I+ n3
,¢._-: c'_.-,'._ - - .-

.472545E,$÷ 0:_--'
•4 7':--'550 ,:'n4-,]:-:
• 47254:_'66+ 0:-'

• 47854:::41"14- :l":

MODULU:"

o 5 _'-:1 I',5717 + IT,-'
o472574::: 14-0:?

.4725456:7'+0-

.47255 0 n n 4- 0"
• 47,:'_4L=;_,P', + O?

• 472_4::'4 n÷ C':-'
• 4, c .-,4 .:,.:. c:4- V 7 .47254:::::-:2+ r, :.

Z.he display is terminated here for breviVy - ovr_

_isplays hisvory for aZl _odes, _°_ r_q:_esVe_o

Data Sezs Produced

The following DCU
this example.

TOC defines the output data sets produced by CEIG in

TAELE OF FOr_TEI'.IT,:

_r-,., I:'F' r, la TE
-- 71:_--:I I I777
-":2 .?7:0 11 1777
-:-: 75_. 1 I I777"
_-'a 757 111.77

L I -_:PI_F'"," 1

T IME
I','?_,4E,4

'5' '_ E' 4 E l 4

0q2424
A':_24 :, 4

E

I:' htOPD: HJ tar_,f*.;

I:, £ :-':-: :.: 4 ::

I-_ _ '1
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i8.2 ROTATING BE_Xl ( Laurenson's problem)

xP

P
_X

Vibrational modes were computed for the undamped cantilevered beam shown

below, Results are compared w#th those given in Reference 3. Two sets

of CEIG results are given, corresponding to different values of beam

torsional stiffness per unit length, Kt_ The value of K t = .7954xi0 -4

assumes that the cross section is rectangular. The value of K = .01
t

is used to effectively constrain torsional motion to permit direct

comparison with Reference 3, in which torsional effects are not considered.

,z

_Z z _
A

.......... _-_ ................ __ _,y

x F

_z 4y

z

lz l a '"
7

j/
I _" z"

X

E = I0_ x 106 Ib/in 2

= ,3

0 = . I Ib/in 3

b = 2a = 80. i_o

-5 4
I = 4. x i0 in
x

1 = 6. x i0 -5 in 4

Y 2
A = ,001 in

z

e =

Y

6°808 Hz

a_gle in Y - Z plane

angle in X = Y plane

In this problem, D in Eqo(1) is zero_ The SPAR model consisted of seven

E21 elements. The frequencies (Hz) of the non-spinning beam, as computed

by SPAR/EIG were:

13o627_

16.676,

83.43I_ and

102.1.79

1.8.9



Results

Beam Inclination

8=60% #= 0

e- 120° 0

e= 0, ¢= 60°

e= 0, ¢=120 °

Frequencies (Hz) of the spinning beam:

CEIG, Torsion CEIG, Torsion

Constant K = Constant, K =
Reference 3 .01 t o7954xi0_ 4 t

12.0 12.185 11.318

24.0 24.209 23.110

85.1 84.951 84.569

106o 106o595 102o983

6ol 6.032 5°593

18.5 18.417 17.617

79°3 79.412 79°272

I01. 101.919 100.286

17.4 17.675 16.284

18o8 18.949 18o951

87°6 87°338 84.255

105o 105o173 105o172

12.7 12o965 10o880

14o6 14o652 14.657

83.4 82°977 79.591

I01o 101.497 101o497
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Input Data

The following runstream was used to produce the results described in

this subsection, for the O= 60 degrees case.

I
£

?

4

7

:_:

Ii',

11
12

14
I5
16
17

19
2 0

2!

%-

25
26

D.-,

7: !
:'_Z.

-: :..

7:E:
37
?::
? '?

;;'U:-:E :i:PRP-R. , :- F'I. -q
:;J::::0 T T R f: i

: TF_PT :3 I
I'IF_TIT _ I i
JLDC: _ I
]?,£:

1 : 1. 2665-1,,4: : : _"$
-' ." ,:, :'R-,::;,--"k-- A _ : : : : !_:

;;_::::0T E L D
E25: HSEC:T=I:_ ":,' a-': :":: :3: 4 4

_, _," d:. _," _' .-"- - i i

H:_:EC:T=2: 1 I: :3 :.::
:;,::.::t--.JT T [] P []

;;,7 L.-'T E t
@::::0 T EI_:7:
;;_::::17T F:

I

:;a::::i?T BC:I_I
CH_t4GE 1 _ :-PAF' 7:6 O, G 7F'_F' :i:6 ('

;;Jt.J:PE :iF'AF'-_,, _ !:IF'2o
:;&F_:E TF'F4fi'-f: .... ::F'I .
,;,::::iT,T Tt-__',

3 T R F'T :-:
MATC:: 1 !6. 0+_. .3 O. 1
FtLTP : P 1 6 I:1. _' 171. :: I:t. 17. :_:: I:1. I'I.

JLOC: H_'EF=;:'
1 ,]. no O. O. 40. O. :=': 1

f:F_: GI'v'b 1 4o-5 O. 6.-5 Oo 1.-:3 .7'75,_-4
r.l_'Eg" 1 1 - -.1 O.
COH I:2EPO 1 2 :=: 4 5 6: 1

:;,::::g,T E L D
E2 1 : i £ 1 7

:_::-:'I?T TE]F'O
;1'::::0T E

_'E:TET G= :-::=':6.
;D::::0 T EF :!
;;_::::I..DT F:
,;_:::'0 T I tl V
;;_::.::2 T E I G

F'E:3:ET IH!T=6, HPEF,=4

--Set up G matrix and
store it in SPAR-B.

P 9 = 60 degrees.

Compute modes of the

non-spinning be_m.

Continued on next page
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SPAR runstream for e = 60 degrees case (continued):

40

41

4.:

44
4. =,
46
4,-"

4;_:'
49
50
-=,1

_, ..,',

5.-t
=,=

59
,i. 0

_.,['

_:.-:

"-'5

p-

,,::

.L

-'5'

7_r.:'OTkLl_ -Comvute K and K - K
._'.,..,.r._ ,C'l-. C e C.: o.._.,,,r__: I,I:Z;

I"= I ,_:': o....t---I.•:_::: I'.:':29.,:,_:,24I:-',P9.6624

F:,C=F'PO]] ,:1,1:_, lIE D1:,
F::EF::I_--':_.I_Ir.! ,:F::, -1 . I:1 F::I_':>

T_!',LE ,:MI=_,,M.J=:_::, : F' -- -_-APPLIED FORCE 1 1 =
T_'_r4, :-:DUPC;E=JLDC, I L 11,1=:_:;.JL I M=',_::,,DSF:: I P=::-: , centrifugal force
_F'F'L ]ED FBF.'CE 1 C,=F'PB]:n_IC:T ':F:C ° F';', vector (SYSVEC fmt. )

;;' ::.::C,T I t4',.,'
F'ES:ET F"=F:EkL-;

gJ::.::OT Z :-[3L
PE:-ET F::=WEF::C

:;':::'0 T G:-:F
F'E:_.ET EI"I_:E]:,= I

;;'::::OT F G
:;_::::l/;T F_t.I:Z

F:EC:G=;_I. IM ':F:EF::C• F:G::,
:;_::::OT Its" IJ

C:E]F'"( ,.£', :_ G :-:F'F_F' :?6 0
;;':::OT I M'.,'

F'E-ET f =_:ECG
:;_::F,T _U-

I_EFIHE ',.,'=',/I3F' HDDE 1 1
_,EFIHE E=',..'I_:_' E',,.'F_L 1 1

F"..,'EC C E I G 1 1= U t_ I rl H , '.,o',
I'...'EC CEIG 1 I:UHIZ]H,C,. ',,.';,
P',..'_L CEIG 1 1:t_lt._I Or_ ' 0. E:'
_',."_L CEIG 1 I=;-:OF'T,"E:"

.;' ::::LT'T L-E _G
F'EZET HI:-T=i, r_FEC,:4
_'E : ET r E:AL= !

r'_= 1 ZrEM
t: = I _ EC G
G= I G
_ : I t I _ 'Ill' = ] I r . _ ' ' ' ' F " E J : I 3

] TBP

ComvuVe Ka corresponding to

stress stave .zroduced by

centrifugal force field°

Copy G into SP3_-A.

--Establish _odes cf the non-

spinning sv_ct_re as initial

approximations of modes of

the spinning s:ructureo

Com:_te moaes o_o _.e s_inning
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18.3 ROTATING CANTILEVERED L-BEAM

Vibrational modes were computed for the undamped rotating L-beam shown

below. In this problem, D in Eq_(1) = 0o

E = 70_xlO 9 n/m 2

L = .1524 m

A Ii= 12= 3.4686x10-8m 4

ml A = 6.4516xlO-4m 2

y l f= Uniform

I Iml torsi.on
9x10-8m4_ constant = 5.868

_--_----_-- .-_---_i Lm]--i'_X m I = 58° 3756 kg
(six equal lumped masses_

-_--_---L (typical) basis of M i_ CEIG analysis
_nd EIG case MI)o

5.9371x105 kg/m 3

(basis of DEM and CEM

in EIG cases M2 & M3)o

p

On the following page_ results giw_n in Reference 4 (Patel and Seltzer)

and Reference 5 (Gupta) are compared with solutions computed by SPAR/EIG

for the non-spinning structure, and SPAR/CEIG for the spinning structure°

References 4 and 5 do _ot contain all of the i'_formatio_ necessary to

define M, K_ and K o Accordingly, ar_ exact comparison is not possible.
g

The author of Reference 5 imdicated that K included only terms due to
g

axial force. SPAR-produced K's include effectsof axial force, shear,
g

and moment, accounting for effects of lateral ]loads on torsional stability.

This difference in K's and possible differences in the beam torsion
g0

constant may account for the differences in cesults, e og. in the third mode.
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FreQuencies (rps) of the non-spinning structure:

SPAR/EIG Case MI, SPAR/EIG Case M2, SPAR/EIG Case M3,

six equal lumped diagonal mass consistent mass

Ref. 4 & 5 masses, matrix_ matrix

iI_21 11.14 12_59 12.72

11o26 11.38 12.65 12o86

31oll 30.30 35.08 39°23

39°23 39.84 49o51 52°22

112o94 119.87 120o58 128.31

138o19 141o28 147o61 152o12

i

Cases M1 and M2 above differ in that the terms in the diagonal mass

matrix for the end node (point A) are one half those corresponding to

interior nodes°

F__requencies (rps) of the spinning structure, for _ = 27 rps:

The second set of frequencies (*) are results obtained neglecting K o
g

Refo 4 & 5 SPAR/CEIG

9.52 10o07

7°79* 7°73*

14.47 14o71

12o61" 12o70 _

31.44 26°40

29.84* 29o12"

41.40 41o79

41.02" 41o51"

116o47 121o07

112o75" 119.70"

139.81 142o98

138.21" 141.30"
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Input Data

The following runstream was used toproduce the results described in

this subsection:

I

E

4

7

I 0

i£

] 7:

14

]5

le,

!7

20

21
D--'

74
2=

2_

£E

'-i'i

]2

1 4

. =

? L2:

4 A

•PI_ZG.T _-1.
-PL' 7"E 7 F'@I:'-Po _ _ 1.
.;z '_7,T TF_ _

HF_TC : 1
•_lLOl: •_ 1

B:P °o 1o" : .......,.:,_-.' =,#,q44___ : :f
:;' : ::17'T E L ])

E25: 2 2: ? -:: 4 ,4: 5 5: 6 6: 7 7
:;<::PT TDPD

;;J::::17'T E
ip :.::0 T E t':::7
:;_:::0 T F

PE3:ET :- F'DF'=7:
;P::::r'T Z"Z:U

:;,F4f I%_ T _::'

,;JL, :2 E :: F' @ F'= _:. ,, :: 1 o

g,i i:;E _F'F4F'-_ ,,:°°' -_o 2 ,,::: _

@::_7'T T A :F:
:: T R P T 7

.IL O C : 1 . I:1 I) I) I) ® I) ,, _7_ , 1 4 5 7 2 _ _71 I: I 171 ITI • I: I 4 1

.60qE, o 0 ,, 0 o60'::'6 . 304:.'7: . 0 :2' 1

r,!F_TL-: 1 7'0.+':,. ..__'::., =,q3716,._,:,

E'_: lYI',,,'r_ ] :9° 46:-:6-:- O. :3° 46L::6--',_:: O.
_,,_ 45]6--4 :"

=; :E:6,$ '9-:÷:

t,_F'EF: 1 1 -: 1 O o

,:E]r_ I_ZEF'O 1 2 E: 4 5 6: l

;'HAzL':_'EFEF_T _, 1; ,£' 5::'° 7:754
,_':'OT ELD

E21: ! 2 1

.;,: 'F,T T_FID
,;'_ C.T E

:;_:::OT E_::
,P:' P T }:

_:'EZET :7:pDF'=2
,;,: P r IH',,,'

,;,:',7,T E 1,3

FEZET ir4.TT=!F-, r._=FI.!A: -, r4t;EL-,=.-'

Commute G and store it

in SPA_-B,

Cc_,_;e _odes of non-spinning

ss_xcv_re wivh M based on

six ecuai i_rped masses -

S_k?/'fi7 case M1.

F_nsvrea,_ continued on new page -
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SPAR runstream for L-beam (continued):

41
4_'

44
45
46,
,.$7
4 :-:
4'9

0
51

54

5 :_::
_,,2_

4 n
61
o -

_,_

;, 7:

_.,5

I-'Z-'

_,'_

,1

I Z'

7ff

,-.

,-'9
:_::C'

--,_
,: "5

:_:'5
::':6

:,,Z,

:4 i°p

• ":Z.

,2, ":,

;_J::::LT'T la17:II

C:D P","F-',I G","_'[3 ? P¢*F' S6 0

_K:-::0 T F_IJ:-
:..,E_. hl::'

I = 1 :-:'. ._1= 1,7- -. ..':-:m.. -1.7 _--:4 i ':: ._'-:':_.o 4 7'.-: 4 1%'_.
hlT r,II,I=P l:::'DZulJC T ....• ,. l,h-, l:'r_F,:-:::3:::,
I,::'I,I= :z:ur'1,:I,:"., - I_. MTr'II,I)

;;_:.-::r, T IN'..:
_'E:--.:E T F:=KM

;9::.::C!T I._U:_.:
])EF Ii"_E',....;-...11::_'/'lODE I 1 i, 6

F",,:Er:J-:EIG I 1=ur_IDr4,"'",.-.
I ..E _ I'EIG I 1=UM Il:]tl,:n. v>

TFII:LE,rNI=I,_Lt=6:,: _".,'F*LCEIG I I
J= I. 6 : n.

TFd_:LE ,:HI= I, rLt=6:, : I'-.'FILr:EIG 1

J=1,6: h. ___:,
g'::.::C'T CE IG

--[ in WTMW,
Compute _c

K - K in EW°' C

--LEstablish modes of non-

spinning structure as

initial approximations

of modes of the spinning
structure°

F'ESET H I7:T: 1 , crIH',..'= 1, -4, r.H_'EO=6
r4: 1 I:'I',1_:- :3
}:= 1 Fhl :Z-:F'_. F'

G= 1 G","_'B :-:F'I_F'
I,: I H'v'= 1 I t-.l'.,' F:h_

;;':::',C'T I,lii:-:
TRI::LE,:M I =E., H.J=7:. : J6LDC

TF:Rr_ ,::-:OUF'C E=JLDC _ IL Ir,l=::-:. JL Ir,1=7, Z_:SF::IP=:S :,
taF'F'LIED FOF'CE 1 I=F'F'OZ, UCT,::hITt'ml, .J6LDC::,

;;_::::C'T -::5[] L
F'E:-:ET I,::= F::I,_

;9::::C,T G:3g
F'E:::ET Et'IPED= 1

;_J::.::IT_Tlalt:_.:
KhlF::t3=:-:LIr.1 ,:khl, k137:,

:;' ::-:'.t.-_T I r._'v'
F'E:3:ET l.."=k:hH,::G

;;'::-::L.-'T I_1_1 :Z" i

]:_EFIHE _",..'EC:=F",,.'EC CEIG 1 1
]:,EFIHE I ',.,'EC:=I ',,.'EC CE IG I 1

]:,EFIHE P',.,'F'L=_",,,'F_LrEIG 1 I
]:_EFIHE I',,,'RL=IV_L rlEIG I 1

F",..'EC:CE ZG ,:'1 =i.lr-.lIDt_ ,:F"v'EC.:'
I',,,'EC:CE IL'a.:'I=ur* IDr-_,:I',,.'EC:,

F",,.'_L C:EIG 2: ! =L_r_I[]r._ ,:I_'VlaL.,
I ".'RL CE I,___ I =ur4. I r'IM ,: I ',,,'_L::,

.7'::::C'T CE IL'4
F'E:-ET HI:-T=I, ':DP.'..'=I.-4.r-_PEC,=E.,"ET=2

r,1= 1 F'MF_:"-
F::-- 1 t:: I,l_c 13 _,:F'FtF'

G= 1 L"a','F'O -: F't_F'
I,- I rt',.,'= 1 I H'...' t: i,lk ,3

:['::::C'T t'l
;9::ir,T E I L:

F'E: ET F_=,TEI"'

.9::C'TFIG
.='E-ET H=r'Ep_

-Compute modes of spinning

:structure_ neglecting K °
g

i

i

- Compute K
g

Store K + K + K in KWKG°
e g c

-Establish modes computed
in above CEIG execution as

initial approximations for
the next CEIG execution.

Compute modes of the

spinning structure 3

including Kg effects.

Re-run EIG using consistent mass matrix (Case M3).

Re-run EIG using diagonal mass matrix (Case M2)°
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18_4 DAMPED BEAM

To illustrate application of CEIG to a damped structure, modes of the beam

described in subsection 18oi were computed for two damping Cases. In Case A,

the damping matrix is a linear combination of M and K, resulting in modes i_

which all components are in phase° In Case B_ the damping is non-proportional_

resulting in distinct phase arlgles for [ndivldual eigenvector components° The

SPAR inputs, beginning after the runs=ream given in subsection 18.1, are shown

below. The damping matrices were chosen arbitrarily, but small enough that

none of =he modes computed were supercri_Ically damped.

Case A. proportional damoin_! Case B_ non-proportional damoing:

_X_T RUS
DAMP= SUM(.04 DEM, .001 K>

DEFIME V= VIBP MODE 1 I 1,6

PVEC CEIG 2 I= UMIOM(V>

]VEC CEIG 2 I= UMIDN(O_ V>
TAgLE_MJ=6): PVRL CEIG 2 1

J=l.6: O.

DEFIME E= PVAL CEIG 2 1

IVRL CEIG 2 I= UMIOM(E>

@XOT CEIG

PESET SET=2,_PEO=4,H_'¢M=8

RESET HIST=I,C_SL=I

M=I DEM
K=I K

D=I DAMP

KIMV=I IMV K

STOP

3Y_:-'EC: DMP
I=I .= 3

J=1,8: . 0001 . 0001 • 0001
DAMP= _LJM,/DMP, .0001 K)

DEFIME V= VIBP MODE 1 I 1,6
PVEC CEIG $j I= UMIOM(V>

I\.'FC CEIG e 1= LIMIOM<O. '.'_

T_]BLE,FM.j=6>: PVSL CEIG 2 1
J_--l.,6: O.

DEFIME E: PVeL CEIG 2 1

IV_L CEIG 2 I= UMIOM,'E)
• XgT CEIG

PESET SET=2'. HPEC,=4. MDYM=S
PESET NIST=_,CI::_L=I
M: I DEM

K= 1 F"

D= 1 liRMP

KIMV=I IM',,.' I<
STBF'
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Results for Case A_ proportional damping.

The following eigenvalues were computed by CEIG. See subsection 1.8.1 for

corresponding eigenvalues computed by EIG for the undamped non-spinning beam.

L-Dr,IF'LF>:: EIGEr-_',.'F_L UES. ITEPr_TIDPJ, P

:_-.:Er, F'EF_L I r'l_L_ I H_F"f HZ IEPP

1 -. :-:6 ,-"._ 143' I'1+ n I . :_._=,4E,7'57 _=,+ OP . 1 :E:6,035'_2+ 1"12 .94312 021 - 05

;' -. :-:_.79 ! ['17-7111+,711 . :-754E.'_54 O+n::' o 1 :-::_.1_"-_n.=-,+02 . 1 1 5 044_,._=,-i-14

:_:: -. 1:37' 4 1 1 :_::5 + t, _: .5 ,-i5 :-'._, 7 4 5 + 0 ? . :-:0 .=,1 1:3 :-:? + 02 ° 2 0 :-:7 E. 1 E.6 - n _,
.4 -. 17:.41 191+n:_=: . ._=,i;l=.,:-:_,.51 +v: . :3;L=.1 1:.'-74:_::+02 .2E. 1'_-924- OE,
•=, - 1 ,:,:_::.=,0 ;--':-:E.+ n.4 ':,':,':,:'; ; • . .........

........... " ' 4 1+ 0:=: I_,':'t'J_,4 1; + 0"-: o2 12 1 I n9 4 - 07'

_, -. I n :-:_ l'iE':_::7"+ 04 o '?':"?-:;,7 0 0 + n:", o 15'_ 05 4 2 .?,+ 0? o2 0 15 n5 3 _- 0 6

Mode I is shown below in polar form° Note that all components are in phase,

i.eo the phase angle is zero for all non-zero components.

F'DLF9 FDF'r.1 OF EIISEH'...'ECTOF ' 1 II,=

E I_SEr_',,.'ECTOF'r.IO/,ULU:;

.J 01 r.4T 1 =-' 3 4 _
1 . 000 . OOI:, .,:=00 . 000 . Ii,:,O

:,..: -. :_=::_:::_::- 01 . ,...1.d.E' - 04 . 000 -, 1 K; - 04 -. 11 :-:- 0 I
':: -. 12'4+ ('i ,'I . 17:,_'-07-: . 000 -. 27'3- ,)4 -. :,..'01 - 01
4 - ° .:'57+ 00 . :_=:._,'_- i"l:: . n I', ,', - :-:E.'_- 1",4 - 2;;- i'l 1
5 -. 4P4+ 00 < 517:72-:-I.] :_:: . I:1I'1 I'1 =. 42°? - I."14 -a :}: i),:i= I.'1!.

6. -. 6. 0'? + r, 0 o :E:44-0 ::-: o r, 00 -. 4 E._:- 0.4 -. ::-:::4- 0 l
7 -.:E:O:_::+O0 . 11 I-OE' o 000 -°4.7-04 -. -'.44-01

:.:: -. 10 O+ 01 o 1 :_::?- 02 . 0 (i,:, -. 4:_:'.O- 04 -, _::4_-- 01

F'DL_F' FDF'M OF EIiSErI',I,'E,ITOF' 1 If'=

TAr#LqENT OF E IJSEr4',.,'EI-TOF'F'HR:S:E _rIL_LE:!=

JO I r_T 1 ,._:' ::-'. 4 5

1 . 0')0 . 000 . 000 . 000 .,),:,0
-, -o .- -,_ . _. ;.-'?- n&........ o '_:::=.- i't,.:. . :_::il. 1 ",-o_n. . -_-:,--r,_,,..., n;,.. - . 2 1 ;,-_ o;,._

5 --. '_4.'?....._ -- I.'17 I P:,_ -- I:16 . _' '?. '?, + I'1 t:1 1 P-',2 -- I.'1'7 • _, c, '74-- I't y

, . [ ','f_4 -- I'1.7 ._-' ] 7 -- I'1_Ig,_ • 2' ':1.4 + I'1.I'I. . 5 ':', [ -- I'1._1g, ._" I'I. i -- I'1oI-:,.

i .....I:I.."

, i:i i:i i)

. i:i I:1 171

o I:i I:i I)

. I:i i:i ['i

o 0 I:i 0
o I;i I;i i:i

. i:i I]1I]1

. I:1[I I)

1 .... 0 "

° I:1 i:l I:1

o I:1 I:1{<"

. I:1I:i I)

. I:11"1I)

. i:i i:, ,:i

• 17iI.'1!.-t

= I:1I'1 I:i

. I-I 1:1171

i:
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Results for Case B_ non-proportional damping.

The following eigenvalues were computed by CEIG"

,TOMPLE::.-: E I ,SEI'#,..'F_LUE f ,, I TEF'_T ] ISt_ ?
:S:EC, F'E_L I t'!_G I I"_t:'",'

i -. 4:-:_,9'_5:,4+ 17_' ,. 7:7:6 1:7:'9#.5+ 08
2 -. 4 3 6 °_':_5 a 5 + r, 2' . 77:6 14 5 9 1+ 02
2: "-. 56. i] 6 19 9 7 + n$.' .5 2' 09 1 03 2 + 0:7
4 -. =,_. C,6 2 C,16 + 0k .5 2 09 1 04 =,+ C13
=., -. 144 £ 956, 6 + Ct-: . l 47: i. 33 0 -:+ IT,4
6 --.. 144,:7'_5_.5+ 07: • 14_-:1 :::3 0:::+ 04

l"tZ.:
• 117160:31+F'P_
• 117161:-:0*08

. :E:i::'?"'%-: L::2' + 02

. :-:8 ':_n55 07.+ 1:,2

% .% _ -,
.... " % 0:'_';?7+ I)?

IEP_
. 135:75175-n4
.54980162-05
o P'? 124:2:61 - 07
• 4:3 r, 551:3:3 - 06
.I 0:-:1:3_3:7- n5

o, e_,_,1014-06

Mode I is shown below in polar form° Unlike the proportional damping case,

phase angles are not constant.

F'[]LRI m` FITF'M [IF E] GEH',,'EE¢T_F' 1
E I GEH'.,'ECTDF' r,IEi]:IULIjT:
,JL'3l rt T 1 _:-' :-:

I o 0 J'_i'l . 0 6 C, o 0 !:,0
2' . :_:2 '3-- _:_1 --'_ 4 1 "_- _714, . I:1I"_:'
:7: o 12 3 + ,_0 -- _ i 5 4 - c,7: o 0 0 0
,.l ..$:5 _.+ I'1171 - o 3 2 .'?- I) _$ . !__1l_j(i
5 _ 42' _.+ 1711:, - , 5] 717- 17_; o (,!:11)

7' o::701+,iFi .. ! 01-02 . 000
:_: . ] 17,(i_t"':11 . I 2 _r- '7'_ _ 1.7I)I1'

F'[_L PT4_'FDF'M OF EI_qEt4',,'FCTUP 1
TRt4GEHT [IF EIGEI'4'..,'ECTDF' F'H_::!E Rr4GLE-_

11)=

4 5
,; I°! 17 I) _ I'I I.'1 FI

o 140-Fia _ I 1 l-nl

_. 2: 2' :'-- 1"14 , C:P2,4_1)1

-. 2::-:'_-04 . $ fI'3-0 1
-o 4 E'£ - 04 . :-:7:5- 01
- o 4:_'-:7-(14 o "::47- 0 1
-, 44 O- 04. , :7:5O- 0 I

ID=

I_ I 14T 1 '-' '"' 4, _,,

I . I) i"l]', . I)I_II) , i) l)l.'l . I) I)(l . i-lOl:l

"' I'l":'t"-- (I 1 ,:.7 _, + F,.:' - 177 + F,1 - 77 E'+ 17Z' 1:7 _,- I-,1t,7. . tl ..........

7; , 166-1"1 -. 'all:-:+l)_' -. 1.7+'1) 1 --. 150+0-: . 12k-I:ll
4 , 1 _'1--':l- I._" 1 - . 1 4,:,+l ' -- I ''::- -. 1T7+O 1 . 1::'4 rl)4 o 4:-::-:.- I)LE'
.._ • ,'-",'WE'--02' --. 45:-:"," t"r_--'. -. 17:_--:+0 1 . i 18:,+ ,):_--: -. 74:::-022
,':. oE:0 1- 0£ . _::_:'.03+_:_0:: r- . 17:-:+ ill1 . 56>_+ I)$.: -. 12 O- _'_1
7 o 15:-:-02 . 1.41).:_.l)-:t --o17::_:+(11 ,404+0_' -. 19P--F_I

I....L7....

6
o 0 0 0
• 0 0 0

. 0 0 0
. 0 0 0
. 000
, 00 0

• 00 0
1 . 0

o 0 0 0
° 0 0 0
. 0 ", 0
• 9 0 0
° (, 0 0
. '?(' 0
. 0 0 0
. 0 0 0

C:
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18.5 APPLICATION OF THE SPECTRAL SHIFTING PARAMETER

Two examples are presented to illustrate the use of spectral shifting. In the

first example_ the problem described in subsection 18.2 is _olved again using
a shift of s 2 x 106 , corresponding to 225 Hz = (2 x I06)_/ 2_. Two vectors

are iterated on, beginning with random numbers. The SPAR runstream and CEIG

results are shown below. For comparison, the CEIG output foc the execution

described in subsection 18o2 is also shown. Mode I in the current execution,
at 231.534Hz, was the 5th mode in the original analysis. Only one mode was

requested in the current execution, and the second mode was not tightly
converged when iteration was terminated.

@×@T AUS

KSFT=_UM(KECG, -2.+6 DEM)
_XQT INV

RESET K=K_FT
_X@T CEI6

RESET HRE@=I,HI_T=I,H=2,HDYH=8

RESET _ET=2,CM=2.+6,CBAL=I

M=I DEM
K=I KEC6
6=I 6

KIMV=I IMV KSFT

_TOP

/

@::-:'.CITCE I6

rIRE@: I

HIST: I

M = 2

MDYM= 8

SET : 2
CM .20000000+07

CBAL= I
DATA SPRCE= 20000
ITEPATIOM 2, NO COMVERGED POOTS
ITEF'ATIOM 3, NO CONVER_ED ROOTS
ITERATION 4, NO COMVEF'GED ROOT_

ITERATION 5, 1 ROOTS COMVE_GED

REAL IMAGI MARY
I .95409044-0:?. . 14547'690+04

rOMPLE'C EIGEMVALUES, ITERATIOM 5

SEF, REAL I MAGI MAPY
1 .95409044-03 . 145476'30+04

:' 1-_,06933 O÷ n I 1.524._ h r,+04

HZ

.23153376+(,3
-'_3._ 596+03

CEIG output in the analysis described in subsection 18.2 (8 = 60,

FDMF'L E':." E I GEM'-.'ALIJE_,
:-EO F'EAL

I .234,.-" 18 0 n- 0:7

:' 1 h4E'747 _4- O,c.:
:7 -. 120361 ".:.;_"- n.::',.
4 -. 55217146-07
= . _'_ qTt_,":-"zv=_- 0_:t - . - .....

_. . 7 0 2' I-I 4 _. 2' _: -- 0 ?

ITERAT ION 5

IMAGIMARY
•7111 0508+02

. 1452 0416+ 03

.53136387+03

.6470600_+03

. 145476:-:3_'+ 04
. 17603;:'73+ 04

HZ
•I1317593+02

•23109968+02

•$4569216+ 02

•10295205+0.?
•23153':6?+ ,,?

•,:':-_-:o 164 ? 9 + 0-:

IERF'
.54:356452-05

.6709:3925-02

¢ = 0 case):

IERF'

•57574105-04

•27965763- CL4

.91°9206E:-06

• 3::79 n9E:3:6 - 06
• 2n977623-07
•4'._5:-_-:I$44- 05
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In the second example of spectral shifting, Case B in subsection 18.4
(non-proportional damping) is solw_d:again using a shift of 2.5 x i05_
corresponding to 80 Hz = (2.5 x I05)_/2_. Two vectors are iterated on,
beginning with vectors composedof random numbers. The SPARrunstream and
CEIGoutput are shown below. For comparison, CEIGoutput form the original
analysis is also shown. Mode i in the current analysis, at 82.906 Hz, was
the third mode in the original analysis°

@MOTRIJ$
?.YSVEC: DMP

I=I 2 3: J=1,8: . 0001 . 0001
D_t.IP=SUMfDMP, .0001 K_
KSFT= TI_IMfK, -2.5+5 DEM>

_XOT IMV

RESET K=KSFT
f,o.-:OT CEIG

F'ESET M=2,MPEO=I,MDYM=8,HIST=I

RESET SET=2, CI::F#L=!,CM=2.5+5
M= ! DEM

F:=1 F
D= 1 IJRt'IF'
F I M'.?= 1 I M',.,' K.T.FT

?T_P

.0001

g,::'OTCEIG

H = 2

I_F'EF= I
HD°y'M= _:

HIgT= 1

SET : 2

C t:RL= 1

CM .25000000+0_

DRTF_ TP_CE= 20000
ITERF_TIDM 2, MO CBMVERGED POOTC
ITERATIr]M 3, MFI CDM'.,'EPGED PDOTT
ITEPF_TIDH 4, I ROOTS CDM'...'ERGED

REFIL
1 -. 56 061996+0Z-'

i: DMF'LE>:: E IGEM'.'FILLIES: •
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CEIG output for Case B in subsection 18,4:
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2

4

5

6
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. 143133 03+ 04

18.21

HZ

•:'::£_0552°+ 02

•:-:_>905777+ 02
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•P.:2_'T"(,54E:2+ 02
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IEPR
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. l<-c,,-,_. _ _,=, h_:

IEIaP

o 13535175-04
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°29124361-07

o 480=; :,183-06
• 10818935- 05
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14oi.1 Intermediate Operations Performed by SM

In the following, elements of the vector X are the initial valaes of the

eigenvalues and eigenvector components targeted as described in 14o 3. I.

Elements of P are the structural parameters. _he structural changes (areas,

moments of inertia, spring constants_ shell section constitutive relations

coefficients, structural weights/area_ lumped rigid masses) corresponding

to a unit value of the i-_h parameter are defined by the user in a data set

named PARA N2 i n4para_ as descri_ed _n 14o3.2o AX is defined as the change

in X due to a small change in P, gP. If the structural changes are small

enough, the following linear approximation will be useful:

AX = T AP

T is called the sensitivity matrix. The four phases of SM are:

Phase I: Xt, the vector of target eigenvalues and eigenvector components,

and X, the vector of initial values of the targeted quantities

are for_ed_ based on the _ser inputs described in 14o3oi.

Phase 2: The sensitivity _t:rix, T_ is formed by perfotmJr_g the following

operations _!or each of the structural parameters_

(a) Based on the contents of the PARA data set, the BA, BB, SA,

and _MAS data sets are modified to constitute a unit change

in the parameter.

(b) &K and d,M, the changes in the system mass and stiffness

matrices due to a unit change in the parameter are formed.

(c) The column of T corresponding _o _he parameter is formed as
described in 14.1.2,

Phase 3: The change in structural parameters is computed, as described in
section 14.4o

Phase 4 : The BA, BB, SA, and RMAS tables are modified and stored in lib-

rary i.

AM is assumed to be dia_onal, consisting of the sum of _MAS + the syslem

diagonal mass matrix as normally computed in processor E. It is important
to RESET G= the same values in both E and SM.

Unless inhibited _ia RESET control, the sensitivity matrix will De stored

in library i a_ the conclusion of SM Phase 2, in a data set named SENS MATR

0 n4parao

[4-4



14.1.2 Computation of Terms in the Sensitivity Matrix

In the following discussion AK and AMare changes in the system stiffness

and mass,_matrices, K and M, corresponding to a unit change in a structural
and v - for i = ioarame_er. The initial eigenvalues and eigenvectors are _i _i'

through n. In typical applications n is usually less than 40, although there

are no fixed limitations. For the initial system_

_ MY- KY-- Oo (2)

For _he modified system,

(k + Ak) (M + AM) (Y + AY) - (K + AK) (7 + AY) = 0,

or, dropping products of A quantities,

(AM Y + M AY) + AA M Y _ AK Y _ K AY = O o

Selected Ak's and components of the AY's are elements of the sensitivity

matrix, To Ak and AY are de_ermined by approximating A Y as follows:

l 2 3 an
AYi= ai YI + a. Y2 + a. Y3 + + Y

For simplicity, it is assumed that all generalized masses = yt M Y = i°0°

Substitution of (5) into (4) and pre-multiplying by Y_ results in (6).
]

i yt .
a. (ki - \ ) _ Ak Y_ M Y + _ Y_ AM Y. - AK Y = 0o] j i j i i j I j 1

For i = i,

&k. = Y: AK Y. - X, Y: AM Y.
I I I I l I

TO _aintain unit generalized mass for eigenvec_ors of the modified system,

(Y + gY)= (M + AM) t (Y + aY) = ] requires that

i y_a. = ½ AMY.
l 1 1

i' sAfter the a. have been computed from (6) and (8) selected components

of 3Y are readily computed using (5).

(3)

(4)

(5)

(6)

(7)

(8)
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14.4 Determination of Changes in Structural Parameters

As discussed in 14.1, the changes, 2,X, in targeted eigenvalue and eigen-
vector components produced by a small change in the structural parameters,
A? is approximated as:

AX = T AP

In the following,

Xt = The vector of target eigenvalues and eigenvector components,

X = The initial values of the targeted quantities,
t

= ( xI x2 x3 x ), and

E = The target tolerance vector = AX - (Xt - X) = (eI e2 e )t.
n

the basic problem is: given Xt_ X_ and T, find the "best" £P. There are

many possible approaches to the solution of this type of problem, involv_

ing weighting of _he performance, a function of E, and tNe "cost," a

function of AP. Users _ay either (a) employ the method implemented in

SM Phase 3, as described in 14.4.1, or (b) compute AP outside of SM using

any method appropriate to their particular prob]em_ as described in 14.4.2.

_4_4,1 Computation of DP in SM Phase 3

The method impl.emented in SM Phase 3 is substantially the same as the one

described in the fo]]oowin_ _eference:

Collins, J. Do, Hart, G. C., Hasselman, To Ko, and Zennedy, B_,

"Statistical Identification of Structures," AIAA Journal, Vol. 12,

No. 2, February, 1974, pp. 185 - 190.

in the following discussion, n = the number of targets and m = the number

of structural parmneters. N is an n by n diagonal matrix, with diagonal

terms mii = i/x i. Through tha input data sets described in 14.3.3, the

user defines the m diagonal terms of the diagon_l matrix Srr , and the n

diagonal terms of _he diagonal matrix See:

S
rr

_ L.. 2

r I 0 0 s] 0 0
9 O

0 r,_] 0 0 s ) 0

0 0 r 3 S = 0 0 sl;.
ee

9

r
m

2
S
n
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Twomethods are provided:

If RESETNSEE=0 (default), the si's are interpreted as standard devia-
tions of ei/xi, and the parameter change vector is computed as follows.

&P = G N (Xt - X), where

= S {NT}t { (N T) S (N T) t + S }71
rr rr ee

Q _ I - G (N T) = accuracy measure.

If RESETNSEE=i, the si's are interpreted as standard deviations of the
ei's, and the following procedure is implemented

AP - G (Xt - X), where

G = S Tt ( T S Tt
rr rr +s )

ee

-I

Q: I-GT

In the special case, n = m, all of the s._s should be set equal to zero,

and the ri's set to any non-zero valueso l In this case, the above

reduces to:

-i

AP = r (Xt - X) o

A special RESET control, NUDP, is provided to furnish access to inter-

mediate results produced by SM Phase 3, including the G and Q arrays°

14o4.2 Computation of DP outside of SM

Yhe parameter change vector computed in Phase 3 is stored_ for use in

Phase 4, in a temporary library (see RESET NUVX) in a data set named

DP SM n3eig n4eig. The same temporary library contains Xt and X, computed
in Phase io Users may substitute procedures of their own design for

Phase 39 as illustrated below.

@XQT SM

RESET NPARAS= nparas, etc.

RESET NUVX= 25 Retain X , X in a non-temporary (.LT.21)
t

OPER = i I 0 05 E_ecute only Phase I and 2

library

@XQT AUS

$ Using T from library I (data set SENS MATR 0 n4para),and

$ X t and X from library 2 (data sets TARG and X),

$ compute &P and store it in library 2 in a data set named DP SM n3eig n4eig.

@XQT SM

RESET NPARA= nparas, NUVX=2, - - - : OPER= 0 0 0 I$ Execute Phase 4, only.
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I:'CIF_ NEP_ U_EI_ I::]F "':p1 m TI.-_E I='EILL. r11A I N,__ :---.U,3,3E:_ T ]_ I:2N_ _ _F_E E:IFI=E_E:0.

LIrP-_EF_ _'_EIF_E]_TIE3N TEl THE P._UM:_EI_ _ _'_-_I_F_METEI_S_ _P-_:D IN F>F_F_E]F_ _'

T ][ E_P.J TE3 T_-tE 2_E_L,_-_I_E I-1F T!_E P-_LIM:_:EF; _ 131=" hlCir, E_ ! F_ TIlE t.,' I _, i'dCJ_lE

:E,_T_ "-.-:-ET® T_-_E E'_IJP_LITY E_I=' T_-tE P_!I::II_F-_CI?:-: [P'IF:IT[I-IN_ _'I_II=;IN:[_'TA-_E'E, ._'," T)-_ E

_EN:_IT:I:L-'ITY _"_TI_:>::* T, 14ILL Z, EPE'N:D _-_-[L_NIF_zI_NTLY rlN THE NLIP.I_'E_

E3F MEIZ, E_ ':.:_EE 1 4. J/ , _.:_

E_J'.J EF,,:HI 1::3_" T_E T_,__ET r-?Pj_NT I T :i: E_.

THE ]:IF' _._;, ]:IP:':(: ,.-'E_TE]_., _:S. WELL _-- TI-_E h_C_DI_'IE]:, :E',P:'t, _:E:, _:l-:t,

- _" M'.'L "T I!=LE __:E.EE_" _I=E r.1_:,E TI-II=O,JG_ '.:r'l, :_E ,.:_=E_-LIL TO _E--,-I-_E,_-W

T_E I:3!_]:,E= I_ T_-IE _'_C_DE-- ,:E]_'_I=L_TET'_ :E:"," EII3, I_mT I,:UL_F_L'y I =" T_E

-- THE I_I_F*HETEFI ,_-I--i_F_,_:E L I H I T'-- I t'._ TI-4E i'IF'L _ ]:,F_T_, :---ET _--l-ir"ll_lL1", :£E

14-14



14.6
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19. SYSTEMMODIFICATION

Modification of the finite element model shownbelow was performed to
illustraLe the function of processor SM. Input data defining the initial
configuration and the data sets required bv SMare listed on the following
pa_es. In the initial configuration, each of the three lines in BA corres-
ponds to an identical i x 2 solid rectangle. Each of the three system
modification parameters defined via the PARAdata sets involves simultan-
eous changes in both rigid mass distribution and in section properties.
All of the BA changes correspond to a .03 magnification of the cross sect-
ion. All of the SA changes correspond to a .03 magnification of thickness.

17 BA#3 15

BA#2 BA#2

z 11 12 13

i _ 14

_5 6
BA# 1

3 4
_ --&--

BA# 1

1

BA".:I

2

Two passes were made through SM, with the following results:

rar_e:

Eigenvalue, n_ode 3

Eigenvalue, mode 4

Mode !, joint 9,
direction i

ChanBe, parameter 1

ChanBe, parameter 2

ChanBe, parameter 3

Target Ini=ia! After SM After

Value Value Pass i Pass 2

32.3 26.8 31.9 32.4

105.0 76.5 102.9 105.0

•156 o168 .157 .156

2.713 .1806

3.669 .2004

4.690 .3631
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The SPARrunstream for the initial model is as follows:

,;<::IpT T A 1:::

_TAIa'T 1 7

JLDCo" 1 0., Oo 0 10(,_ 0

:-: O. 22U0. 0 IOn. 2!)0

5 O. O, 100 Ino. (i

? I'l -' I'tN II] Fi 1 N N -' q N
14 50. I("7'. IC'0 5('. I00

16 O. I00. I00 O. I00

t'!la T C : 1 E',il......÷,;.:. ]: ,7_.:."'-'
I"11;'EF: 1 1 1 1 1.

= I ",J 1 I .

]_:F_: i_qI ',.'M, 1 . ,;..:,_7' r_.. . 1 ,;.:._r ri.• ,.:". . 4.,.:._
G['...'M ,El _..7' r_ 1,;:.,7 A. ,..-. .

13I °'M :7: _:,7' q 1A7 q £ 46%' • .... • e _ • • _ .

_::!_:= 1 1.+7

O. 1 o +7
I'D. Oo t o*7'

I'l. no O. .5+6

O. O. O. i-_. 1. +5
O. O o r_l. O. O. 1o÷7

?F+: FORMF_T=I*..[]TPOPIC: I 1,5: £ -:.0

Pr,llaS:_: i-M=8. _,':_- -:: I5, 1 ,lO. : I 7 1 (,0.

_ :'_. 85.

11 _._ : 13: aS o_' • %

_I:ZEO; 1."4, 14,.-"17,5." 1_-':

COH=Io" ZERO i £ 3 4 5 6" l,a

;_'.:-'17_T E L D
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H:_:ECT=2: 14 !'=,: 1_ 17
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EE '_: P41U'EF =I,_ q 1.i: :_: !_,

E47:: N:SECT=I: 5 ,_. .a :F: 1 :c I

M:_EIZ:T=i -_: ,:." '::_ 1,._:' 11 1 ,--' 1
;;'>::P T E

RE:Z--ET G =_':::-:6.

;to::.:'t7,T E F:-

[,<::'17'T TI]F'O

,i'::':'iT'T F

$ ::."17'T I r_',,.'
,_X::'0 T AL!-

TMtq-: _-= SUM , ZtEI'! • PMA:- :'-)

:P::-:'OT E 1'3

F'ESET 1 t"-41T=°9,_ MF'E( :'=7'

PE._:ET M= TMF_:S°E

;_h::.:T0 T ',/P P T

PF"IMT '4TBP I"I_I'_E 1 1"

O o 2 !

O. k: 1

l(lO. :-: 1 ::

1 0 (! ,,
£ ()0., 8: 1
£ 0 0 ,, 2 1

""Z.M E::.::£MF'LE MODEL 5, ]:r.._I T I _L r'lODE:

;;C:::OT DL-l_l

TITLE 1*:-1'1 Ek-:RMPLE M_1:'EL
TOC 1

>TOP
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Data sets requied by SM, the SMcontrol statements, and the runstream
to recompute the modes of the modified structure are shown below:

:_oCr, T ALI.C.
TABLE,Cr'_I=5,M.J=:-:: , : F'F_PA ?M I I

J=l.'7:: 9.

'.4•

'_. g

18.

I 0-,

I. . OE,O'?O :_::.:-:.

1 1-'==rl 4. 4.

1 12 =,=,r, ;.. ;.o • - _ .... .

I. . 12550 9. 9.

5, .0:':045 I. :3.

7. . 0:_,)45 1. :-:.

I:_-':.II. .n?.,.',45 I. :':.

I:': 1" ,:,:-:045 I :':

TBBLE,:JMI=5 MJ=I:, . F'FI_'B :'_'2M:' I
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9..

9 •

9

9o

10,
i l:lo

10.

:' 0F:.r,'_ o :_ L::

2. . 1255,:, 4. 4.

:.'. 1 :'._ _. , _,En 6. 6,.

2 o 1 :'.=, =,,n .=d .=,• _,. .... .. .-®
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IL=:. 17. .,:,,:,E.09 I. 3°
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I:",. I. -. ,:,:-:4'?I0. 15.
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13o 2. -. ,1,:_-"..19I':'. 15.

I:E:. 50 . 01500 i. :-:o

I:-:. ,", .01500 I. "-:.

i:-:. II. . 015'."0 I. :-:.

I::-:. I'_=:.. 01500 I. 2.

TA_LE,:MI=2.,MJ=':> : D_'LIM 'M I I

•J=l,:3: -1':,. ÷If:,.

TF_BLE,:MI=2, M.J=2> : T"..'_L St.1 1 I

:z: PFtF'FH'.IETEF' MIJMI::EF' 1

$ F4• pla.': 1

:t; IY, B.F,::1

$ I_'MI._:S:S• .JT, 5

'{: I:;'MFt_'S:o _,T. T

$ F'MFtS3, JT. 11
$ F'MFI:_-:'_;:, _IT. 1 :-:

'£ F'Iat;'IaME TEF' I'41JMBEI;' 2

$ I::'::• B F_::2
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Modes I, 3, and 4 of the initial model are as shown below•
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Modes i, 3, and 4 of the modified model are shown below.
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_ECT ION 1

I MTP.0DUCT I rlM

1oi MEI,,}U_EP. np.IEMTATIDM

TO EXPEHITE LEARNING P4H_T THE SYSTEM CF_N DO F_NH HOW IT IS

EXECUTEH., IT IS RECOMMENDEH THAT NEN USERS PROCEED F_S FOLLOI_S;

-- C¢_REFULLY REAH F_LL OF SECTION I.L_.

-- SCAN THE TABLES OF CONTENTS OF VOLUME I., VOLUME 2 (THEORY.') ;

_N_ VOLUME 3 (DEMONSTRF_TION PROJBLEMS).

_(- _ECTION 2. C_REFLIL REF_ING_ PF_RTICULF_RLY OF

_:EETION 2. 5_ MF_'I IRE DEFERREI). HDWEC'ER: MUCH EIF THE ]B-_SIC

TERMINOLOGY INTRDDUCE_ IN :_:ECTION 2 IS USED EXTENSIVELY

THRDUFHDLIT THE SPAR. P'EFERENCE M_'J_L.

-- ]_RIEFLY EXF_MINE THE DEMDNSTRP_TION PRO]-_LEM_ IN VOLUME _ DF

THE SPAR. P'EFERENCE MRNURL_ PF_RTICULRRLY EXRMPLE 1.

-- P'ER_ THE PRERH]_LE DF SECTION _ RNH SCRN THE REHRINHER

FOR RN O_.@ER_.#IEI_ OF Hn&_ VF_RIOUS RSPECTS _IF ]_RSIC __TRUCTURE

I, EFINITIONS P_RE F_CCOMPLISHED.

-- _L--_N _ECTION 4 T_ LEARN HE]k4 SY__TEM _TIFFNES__ MF_TF_ICE_ F_RE

FEIRMEH _N_ FF_CTDRED.

- P.E_9 SECTXnN 2.5 _N_ 5. 1.3 TO LERRN HOW TD USE SPFtp'"S

r____ENERAL--PIJRPB__.E _TSa ENTRY F_CZLITIES=

-- P..E_D _ECTInN _ Tn LEF_RN H_k_ TO PERFORM STF_TIC F_N_LYSIS.

r--- _E_]:, _E_TIL3N- -_, 7 _NI, 5. _ Tn LEARN HOW Tn PRODUCE TF_.UL_R

I)I_PL_Y__ IgF THE RESULTS OF STATIC P3N_LYSES.

-- P.E_I'_ THE .I_ESCRIPTIE]NS BF THE GRF_F'_TC__ pRnCE__E.OR__.

-- .¢_-:CFaN THE REMF_IN]:_ER ElF _:ECTIESN 5. ] (IHF_ITHMETIC LITILITY

."_'-.IY_-_.TEHZ) _ TB LEF_RN HOhJ Tn FrlRH LINEAR CE_MI_-IN_TInN_ BF

_-_.Y_-_,TEM M_TRICE_: CDM_.INE SnLUTIrlN_ ETC.

-- ;_K:CF_N THE REM_INI-,ER BF THE MQNLIQL TO GET F_ GENERAL VEIH ElF

THE FUNCTIISNS ElF F_LL PRDCE__.S_RE..

_LTHDUGH _'P_P" M_Y _.E EXECUTED IN _FITCH HDHE_ IT IS RECDMMENDET,

THaT THE UE.ER T#_W.E MF_.._:IMUPf _T_VF_NTF_GE DF _P_P./__. CF_PF_.ILITIE_ C.

THRrlU,SH If-ITER_CTIVE OPERATION. To DEI E.Dq IT E_ILL ]_E

NECE_C.S_RY TO _.EC{3ME FBHILI_R HITH THE TEXT EDITING F_ND FILE

M_NI_UL_TIEIN F_CIL ITIES (E. r_. CF_T_LOGING PERMANENT FILES.,

DI_W.--Tn--TPP_ cnpIE_ ETC. > OF THE HOST OPEF;f_TING SYSTEM.

1.1-1



1.2 _PAP DVEPVIEI,I

SPAP Is A SYSTEM OF P_D_RAMS U_ED PRIMARILY TD PERFORM

_TRESS_ _UCWLIN(_ AN_ I/I_RATIONAL ANALYSIS _F LINEAR FINITE

ELEMENT 5Y_TEM_,_ _HE ELEMENT REPEP_TOIRE IS SLIMM_RIZED IN

_PAP FUNCTTON_ EF_ECTII.)ELY IN _OTH _I_TCH _N_ _NTERACTII._E

O_ER_TION, NO_ PRBDLENE APE SBLVED THmBLIGH A CBMDIN_TIBN _F

P_TCH _N_ INTERACTII.JE B_ERATIONI LI_;INF GRAPHIC TERMIN_LS_ LOW--

_PEE_ TELETYPE'S. AN_ HIGH--EPEE_ PRINTERS WHERE APPROPRIATE.

EFFICIENT SPARSE MATRI_ SOLUTIClN HETHOD_ RRIt_/'I_E LitN

EXEC|JT_N Cit_T_ MINIMAL CENTIC_AL MF[MItF_Y REQUIREMENT_ ¢:! AND

LF_I_E E][,_E CIAp_r_.':[Ty_ PERMITTIN,; I/EF_IY FINE MESIIES TO _E I_ISE_,,

_-_TI_T_C_ _.UCW. LING! AN_, L,I_RATIItNAL PR_]BLEM_ IN THE 1 I_.1_ r ll'll]l TO

20_ 0_11"1 ]DEGF;IEE--OF_F'mEE:DOH R_NGE A_.E _rJL_/E_ REIUTINELY. I;IAPP_CITY

0N !_iNI_)AC _Y_TEPt_ _PAP _ _N _Y _F _EPA_TE A_LUTE

PROGR_MF_ CALLEI_ '_PROCES_" _ 'T_II_ HANIJAL® FUNCTIONE

DF THE P_CE_SB_ _E _IEFLY _UHH_RI_E_ IN T_LE _--_.

PRDCESEDRE D_TA]N INPUT FROM TWO _IU_CE_:

-- I_I_ER INPUT RECBR_E FRBH CA_DE OR TERMINALS.

-- _ _ATA EASE CDNFI_TIN,; OF ONE OR MOPE RAN_OM--ACCE_

°'L_A_IES_" _ITH_N WHICH HAY _E_:I_E ANY Ni_IH_ER _F

NAHE_, "_ATA S:ETE" PRI3_I_iCED _Y OTHER :_LP_' PROCESSORS.

I_;PFI_.' PREiCES_ItR_ _0it NEIT HAL_E TO _E E;×_EICUTE]D IN A_'Y' _ARTICULF_R

[3F_ER_ PlCiDI...'_E:t3 ALL NECEE_TARY _OLIF_CE DELTA "_--.ET_ RE_]_]3E IN 'THE

IbF_TA ]E'.ASE, EAC_ P_OCEEELP'JR ALtTC_fHF_'f" _C_LLY E_,._TPACTS FROM THE

_F;T_ _AEE ALL E3F THE __)ATP'_ _ETS IT _E_-L}_tREE_ F_N_ IN_ERTS _NTE] THE

_F_TA ]_I_E THE NE_LY--GENEI_TET, ]_TF_ _ET_. _I_LI_Y PRI:3CESED_S I_RE

_-R_OL_I_ED Tit PERMIT THE I_i__-.ER Tit __ELECTII/ELY _I_PLAY ANALYSI_ -_,

RESULTS FRitM THE _"_ATA ]E:A_E. THE USER _itE_ NOT HA_..)E Tn ]E:E

CONCERNEI_ WITH THE INTERNP'_L CItNSTITUTIitN itF THE LI_ERF_RIES_ OF_

THE :£_ETAILS OF HOW PROCEESOR_'_, CItNMUNICATE WITH THE DATA ]_A'_--.E.

_'E_TA_TIN,3 I_ TOTALLY AIJTitM_TIC, THE IJ_ER _IMPLY RE--ATTACHEE

THE FILE_ itR FILE.__ CE_NTA]:NING THE _ATA _E AN_'I RE_-_UME_ -_

E;x'-ECLIT InN A_ THDLIGH TIlE PR I r'lR F;II_I_ IlF_l _OT TERPf I NATEI,,

1.2-I



0N I_INz=/RC SYSTEM Cq TYPTCF_L F_UNSTF_ERHS F_PPERF_ AS SHDF_N

P.ELDH, TRY. F_N]_ Ftl.l_: RF_E NAMEE nF THE] ._PHP. PFPOCESSnF__¢.,

INPUT _-_. FF_EE--FIELD (__EE __ECTInN _, 31) ,

HLL

C_eD IM_E

• X_T TA_

D_T_ C_P

D_T_ C_

DAT_ C_

eXIST AI_IS

D_T_ C_D

DATR CA_

ME_NINB

BE_IN EXECUTION OF PRDCESSO_ TAB.
INPUT CONTENT PO_ IN_I_IDUAL

PROCE_O_ IS _EECRI_E_ IN _ETRIL

IN VE]LUME 1 DF THE SP_P REF, NRNURL,

NRNY P_OCE_O_ E_ECUTIONS RE_UI_E NO

INPUT,

BE_IN EXEC,JTIBN OF PROCESSD_ _II_i_

ON I_DC EYSTEHFq THE ENTZ_E :_P_P ZYSTEM USUALLY _ESIDES IN A

_IN,_LE _SOLUTE P_O_H CONFIGURED TO _IH_IL_TE LINI,J_C OPEn.TIE]N.

_T H_ST ZNST_LL_TI_N_ THE N_HE _F THE P_IH_Y _OLLITE P_H

FILE I_ _PH_. C_C INPUT _ECO_ _PPE_ AS FBLLONS=

_T_ C_

Z,_T_ C_

_T_ C_

i:×:0T AIIS:

I, AT_ CA_,

_,_T_ C_,

7/_/q (END OF ZN_I IT _ECO_D.)



TABLE 1,-I: SP_R ELEMENT REPERTDIRE.

E21

E22

E23

E24

E25

E31

E32

E3:7

E41
E42
E4:3

E44

341
361

.2. ,-,

F41

F61

F:31

DESC_IPTIDN

GENE_RL STRaiGHT DEBM ELEMENTS

SUCH AS CHANNELS, HIDE_FL_NGE5_

_NGLE_TUPES_ ZEES_ ETC.

_ERM_ _0_ WHICH THE INTRINSIC

STIFFNES_ MAT_IY IS GIVEN,

_ -- _XI_L STIFFNES_ ONLY,

PLANE _ERH.

J

_E_O--LENGTH ELEMENT USED TO

EL_ST_C:_LLY CONNECT _EDHET_IC_LLY

CDINCIDEN"F JDINTlS.

rl4o-Ii I, ME N_¢ I li NA L (R I0 E-'-Ft ) ELEMENT_ :

TI_ I F_NGUL F_F} MEM]BP F_NE.

TI_IFtNGULF_F_ PLF_TE.

TI_IlaNGiJLRF; CDMIRINE[ t HEM]BF_F_NE ,AN.D

]BENDING ELEMENT.

[T#L| F_}'_ F_ _rL F_ T E _; F_ L ME M]L_ F_F-_NE.

CJLII=_DF_ I L R TEW_FI L PL faTE.

.FJLII_I)I_ILI_TEF_F_L CEIM]E:]CNE_ MEMZ_F_FtlME Fd4I_

]_ENI_ I NG ELEMENT.

i_tL#F_F_ ][ L.F_TEF_F_L _-_FIEF_R PPINEL.

TH_EE--_IMEN_IBN_L _EILI_:

PENT_HE_ON (WEDGE) .

COMPPE_SI_|_E FLIJI_ ELEMENT_:

TET_AHEBPON (PYBRMI_I) .

PENTRHEB_ON (WEDGE) .

SEE VOLUME I

_ECTIBN_

3o1.7 - 9

3.1.10

3oi.11

3.1.12

3.1.10

3.1.13

3oio14

:_o 2.2. :3

12. , 3.2.2. :3

NoTrE_ :

- _._EE SECTInN 7_ (_ FDI_ EXF_MPLES rlF S'FF;IEE.S OUTPUTo

- }_---IEE VI3LUHE 2 ('rHEIIF_Y _) FEIF_ ELEMENT FIIF_MULF_TIDN _DETF_IL_

-- FfEI3LIITF_pI.rs CIIN_'rITUTIVE F_ELF_TION.% PEI_MITTE_ _LL I_F_E_ ELEMEN'r__ {

-- L_HINF_TE_D CF_liE_5 SECTIEIN_ PEI_MITTED Flip E-"_3,_ E43.

- MEM]_RF_NE/_EN£,ING COUPLING PEF_MITT|-_ FDF_ E33, E43°
- E41, E42, E43, E44 MF_Y _E I,_F_F_PED.

-- HEEILnT_E]PIC CEIt-L_TITUTIVE RELFITIE]N- <- PEPMITTEB FFIF@ 3--[I SE}LIT_

-- HBN--_C.TI_LICTLH_F_L MFI_S PERMITTED Flip LINE- F_ND RI_ER ELEMENTS©



TR_LE 1--2: _PRR PROCESSOR FUNCTIONS.

NRME AND

SECTION

REFERENCE

TAB 3.1

FUNCTION

TRANSLRTE_ USE_ INPUTS INTO 9ATA SETS CONTAINING

_ASIC TABLES OF INFORMATION SUCH AS ¢

ELD 3=2

E 3.3

-- JOINT LDCRTTONS=

-- MATERIAL CONSTANTS.

-- ELEMENT SECTION PROPERTIES.

-- JOINT REFERENCE FRAME ORIENTATIONS=

-- CON_TRRINT CONDITION_,

-- RIGID LUMPED M_S_ DATA.

_EE _ECTION 3. _ FOR _ COMPLETE LI_T)
i

P_ODUCE_ D_T_ SET_ CONT_ININ_ _ASIC ELEMENT

DEFZNITIONS_ I.E. CONNECTE9 3OINT_ INTE6ERS

POINTING TO _PPLICA_LE LINES IN TABLES OF _ECTION

PRDPERTIE_ HATERI_L CDNSTANT_ ETCo

GENERATES _ SYSTEM OF _AT_ SET_ C_LLED THE _E--_T_TE, _

CONSISTING OF INDIt_IDUAL ELEMENT INFORMATION P_CKET_

CONTAINING DRTR SUCH R_ ELEMENT GEOMETRY (DIMENSIONS,

ORIENTRTION_ 9 RND LITERAL SECTION PROPERTIES=

E RL_O FORM_ THE SYSTEM DIRGONAL NR_ MATRIX.

EKS 3_4 COMPUTES ELEMENT _TZFFNES_ RND ST_E$_ INFLUENCE

H_TRZCES_ _ND INSERTS THEH INTO THE _E--STRTE_o

TDPD 4.1 _NALYZES ELEMENT INTERCONNECT ION TOPOLOGY_ _ND

P_O_UCES DRTR SETS U_ED TO GUIDE OTHER _PRR PROCESSOR_

IN FORMING _ND FACTORING R_EM_LE_ _Y_TEM MATRICES.

K 4.2 FORM_ _Y_TEM ELASTIC STIFFNE_ HRTRI×.

4._ FO_MS SYSTEM CONSISTENT MR_ MAT_IX.

4=4 FORMS SYSTEM GEOMETRIC (PRE--_T_E_5) FTIFFNES_ MATPI×.

FSM

IMV

12

4.5

FDRM_ SYSTEM M_TRICE_ (DILITBTIONAL _T_AIN ENERGY,

_R_L_IT_TION_L ENERGY, KINETIC ENErgY) _OCIRTED WITH

FLUID ELEMENTS.

F_CTOR_ _Y_TEM M_TRICES IN _PR_'_ _TRN_RD _PRR_E--

MRTRIX FORM_T_ E.G. K_ K+K6, K-cM.

1.2-4



TAPLE 1--2" SPFIP PPBCESEOR FUNCTIONS (CONTINJED').

N_HE AND

_ECT_BN

REFERENCE FUNCTION

ALIS 5. I THE _F_THMETIC UTILITY _YETEH_ COMPRISED _F AN _Y

BF SUPPRDCESSDR£ _N THE FrBL.E_WIN6 CATEGORIES=

-- IIATA SET CONETRUC'rORs_ PROVIDING A _ENE_AL MEAN£

OF FURNISHING INPUT DATA FO_ USE PY _PAR. _PPLZE_D

LOAD DATA OF ALL TYPES (MECHANICAL_ THE_MALY

PRESSURE_ DISLOCATIONAL_ TRANSIENT _YNAMIC) IS

USUFILLY DEFINED L.'I_ TME_E SUgPP0CESEOPS.

-- MATPTX ARITHMETIC BPEPATIONE, E.G. SUMS_ PRODUCTS!

LINIONE,

= _PECIAL FUNCT_ONS_ INCLUDIN_ _UPPROCEE$O_E USED

_N PERFORMING _U_ETRUCTURE ANALYSIS.

E'_MF 6.2 CBMpLITES FI_ED--_rO_NT FORCES AEEOC_TE_ W_TH THERHAL_

_I_LOCATIONAL_ PN_ PRESSURE LOA_ING. COMPUTES

ELEMENT GENEraLIZED INITI_L STRAIN ARRAYS.

SSOL 6.3 COMPUTES JOINT MOTIONS AND PEACTIONS DUE TO STATIC

LO_DING.

GS:F 7. I P_OD,JCES _ATA SETS CONTAINING ELEMENT _T_EEEES AND

_TE_N_L LOADS. GSF IS U_E9 TO COHP_TE _OTM STATIC

_N_ DYNAMIC STRESSES.

P_F 7.2 P_DLICES TAgULA_ STPESS REPOBTE FROM DATA _ETE

_ENE_'TE_ _Y G_F.

EIG £ _L_r) E_ H_GN--OR_ER EIGENPR[]_LEME _NVBLVIN_ SYSTEM

MATRICES IN SPAP's SPARSE MAT_:X FORMAT. LISED TO

S_LVE _BTH VI_ATI=N_L _NI) _UCRLIN_ EI_ENP_O_LEMS.

CEIG 1 ° COHPUTEE C_MPLEY MODES ANI) F_E_UENCIEE _F _HPED,

SP_NN_N_ _TRUCTURES. _YETEM MAT_CES ARE IN _PAp/s
_T_ND_R_ SPARSE HAT_I_ FBRHAT_ PERMITTING PN_LY_IE

OF SYSTEMS OF VErY HIGH _F!DE_.

DP 9 COMPUTEE. LINEAP TRANS. IENT MODAL I_ESPONEE.

Io2-5



, TAPLE 1--2: SPRP PROCESSOR FUNCTIONS (CONTIN,JEn) o

_ME AND

_ECTION

REFERENCE FUNCTION

SYM 11o2 SYNTHESlZE$ SYSTEM M ANn K FROM SU_STRUC'TU_E _AT_

ZN THE FORM PRDDUCED_Y AUS 5UPPROCESSO_5 SSPREP,
SSM, _ND SSK.

STPP II.3 GENERAL PURPOSE EI6ENSOLe/ER, FULL MASS AND STIFFNESS

MATRICES. USED PRIMARILY IN ANALYZIN6 _Y_TEM_

_YNTHESIZEn _Y SYM.

S_BT 11.4 SUP_TRUCTUPE PAC_--TRANSFDRMATION PROCESSOR.
COMPUTE_ JOINT MOTIONS IN INDIV_nUAL SU_TRUCTURE_
FROM _Y_TEM STATE DATA IN TH_ FORM _ENE_ATEn _Y
SYH _ND _TRP.

SM 14 THE _YSTEM MODIFICATION PROCESSOR. SM ALTERS THE

PASIC DEFZNITION OF THE STRUCTURE T_ CAUSE HOnE_

AND FRE_UENCIE_ T_ APPROACH T_R_ET VALUES nEFINEn

_Y THE U_ER. TYPICAL _PPLICATZON_ _NCLUnE TUNIN_

FINITE ELEMENT MODEL_ TO A6REE H_TH _YNAHIC TE_T

_ESULT_ ANn DESIGN DF VIBRATION ATTENUATORS.

PLTR I0 TRANSFORMS USER INPUTS INTO DATA SETS _ETAILING THE

COHPO_ITION OF PLOTS TO _E PROnUCEn _Y PLTD.

PLT_ 1 0 PRODUCE_ PLDT_ OF nEFORMEn OR UNDEFORMED _TRUCTURE_

_TREFSES_ ETC.

VPRT 5.3 PRINTS REPORTS OF _ATA IN SPR_/$ SYSVEC (SYSTEM

VECTOR) FORMRT, E.G. STATIC nlSPLACEMENTS,

PEACTZON_ UI_RATIONAL OR _UCKLING EZ_ENI/ECTORS.

DCU 5.2 THE _TA CDMPLE× LITILITY P_OG_AM. _CU PERFDRH_

UTILITY OPER_TION_ _UCH A_ PRZNTZN_ D_T_ _E

TA_LE_ OF CONTENT_ COPY_N_ DAT_ _ET5 F_OH FILE

TO FILEr PRINTING SELECTED _TEMS FROM nAT_ 5ET_

AN_ TRANSFERRING DATA TO OR FROM PROGRAMS OUTSInE

THE SPAR SYSTEH.

PS 4.6 PRINTS DESIGNATED PARTS OF _P_--FORMAT SYSTEM

HATRICES.

1 ° 2--__
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_ECTZON 2

BASIC IMFD_MATIDM

THIS SECTION PRESENTS _A$IC INFORMATION AND DEFINES-TERMINOLOGY

USED THROUGHOUT THE SPRR REFERENCE MANU_L.

2.1 REFEREMCE FRRME TERMIMOLDGY

THE TERM "FRAME K" WILL _E USE_ TO REFER TO THE GLOBAL

FRAME _K = 1), OP TO _NY _LTERNATE FRAME (W = 2, 3, 4, -- -- )

THE ANALYST ELECT_ TO DEFINE_ AE DESCRIPED IN _ECTION 3.1.4.

E_CH JOINT IN THE ST_UCTUPE H_S ASSOCIATED WITH IT R UNIQUE

"JOINT _EFE_ENCE F_HE_ " TO WHICH ALL JOINT MOTIONS _E _EL_TIVE_

THE O_IENT_TIDN OF INDIt_IDUAL JOINT PEFERENCE F_ME_ IS

PRESCRIBED _Y THE U_EP, _S DESCribED IN _ECT/DN 3. 1.6.

E_CH ELEHENT H_S _N _SSOCI_TE_ "ELEMENT _EFE_ENCE FR_HE_" TO

WHICH _ECTIDN PROPERTIES _ND STRESSES _E _EL_TIVE© THE

U_E_ P_ESC_I_E_ THE O_IENT_TIDN DF ELEMENT REFERENCE F_ME_

fiS DESCPI_ED IN _ECTION 3.2.

/i
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2.2 THE DATA COMPLEX

The data complex may consist of any number of files considered appropriate

to a particular application. There are two kinds of files_ namely:

• SPAR-format direct-access libraries, resident on random-access

devices (disk, drum). Libraries are the media through which programs

in the SPAR system are able to communicate. Users often elect to house

the entire data complex in a single library file.
i

• Sequential files_ resident on tape, drum, or disk. A large percentage

of SIPAR runs do not _nvolve 8ny sequential files° They are primarily

used to store libraries on tape between :runs. See Section 5° 2, TW_ITE

and TREAD commands. These files are also used to communicate with

programs outside the SPAR system° See Section 5.2, XCOPY and XLOAD.

Files are known by SPAR logical file numbers: 1, 2 ..... 26. These are

not Fortran logical unit numbers° The corresponding UNIVAC file names are SPAR-A,

SPA_R-B ..... SPARHZ. The corresponding CDC file names are SPARLA, SPARLB,

.... SPARLZ. If a SPAR program must use a file which does not already exist, it will

generate internally the necessary requests to the host-operating system to assign

(i°e,, create) the file as a temporary file resident on random-access storage. The fol-

lowing examples illustrate the correspondence between UNIVAC external file names,

internal file names, and SPAR logical file nmmbers.
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_ECT IDN 3

_TPUCTURE DEFIHITIOH

To DEFINE THE _ASIC FINITE ELEMENT MODEL O_ THE _TRUCTURE9 THE

USE_ PPDCEEDS _S FDLLDHS.

-- EXECUTE TAB _o DEFINE JOINT LOCATIONS, JOINT _EFE_ENCE FPAME

OPIENTATIONS_ TABLES OF SECTION PPOPEPTIES_ AND OTNEP _ASIC

CDMPDNENT_ DF THE PPO_LEH DEFXNITION, AS SUMM_PIZE_ ON TABLE

TA_-I IN 3ECTIDN 3.1®

-- EXECUTE AU_/TABLETo _ENERATE TABLES OF SECTION PeOPE_TIES

FOe TH_EE--DIMENSIONAL SOLID AN_ FLUID ELEMENTS_ IF _EBUI_ED_

AS DESCeI_ED IN _ECTION 3.2.2.3.

--' EXECUTE ELD TD GENERATE _ATA SETS CONTAININ6 _A$IC ELEHENT

DEFINITIDNS_ I®E. CDNNECTE_ JDINTSp INTEGERS POINTING TO

APPLICABLE LINES IN TABLES OF SECTION PROPERTIES_ ETC.

-- EXECUTE'E TO GENERATE A SYSTEM DF DATA SETS CALLED THE

"E--sTATEq"CONSISTIN_ OF INt._IVI_UAL ELEMENT INFORMATION

PACWETS CONTAINING DAT_ SUCH AS ELEMENT _EDMETmY (DIMENSIDNS_

ORIENTATIDNI) _ AN_ LITERAL SECTION PROPERTIES®

E ALSO PRODUCE_ THE SYSTEM DIA_ONAL MASS MATRIX.

_- EK_ I$ EXECUTED TO COMPUTE INDIVIDUAL ELEMENT _.¢7"IFFNESS AND

STRESS eECOVE_Y MAT_ICES_ AND INSE_T TNE_ _NTO THE E--STATE®

_LL OF THE _ASIC STRUCTURAL DEFINITION D_T_ SETS P_O_UCED A_

OUTLINE_ A_OVE SHOUL_ _E RETAINED _N LIbRaRY 1.

3_-1
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3.1.1 TEXT

The TEXT subprocessor gives the analyst a means of embedding in the output

library a data set containing alphanumeric text descriptive of the analysis

being performed. Each card has a 4/8 punch in column i, followed by a 60-

character alphanumeric string. The contents of TEXT data sets may be

printed using the DCU/PRINT command.

TAB/

TEXT

MATC

NSW

3ol..2 MATERIAL CONSTANTS (MATC)

MATC generates a table of material constants. The data sequence on the card

defining the k-th entry in the table is k, E, v, p, el, a2' Q' where

m

p =

_i =

_2 =

0 =

Modulus of elasticity

Poisson's Ratio

Weight per unit volume

Thermal expansion coefficient, direction x

Thermal expansion ceefficient, direction y

Angle between axes of element reference frame (x,y) and (x,y) o

Element reference frame orientation is discussed in Section 3.2°

Y
X E- = CLX 1

£- = (_2

Y

x y = 0

temperature

temperature

If @ is omitted, the program sets 0 = 0. If _2 is omitted, the program

sets _2 = _i (isotropic material). @ must be glven in desrees.

Reference is made to entries in the MATC table in input to TAB/SA, and in

element definition input to ELD.

3.1.3 DISTRIBUTED WEIGHT (NSW)

A table of non-structural distributed weight parameters is defined. The data

sequence for the input card defining the k-th entry in the table is k, W, where

for 2-node elements, W = weight per unit length, and

for 3 or 4-node elements, W = weight per unit area.

Non-structural weight attached to specific elements is defined in processor

ELD by pointing to entries in the NSW table.
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TAB/

MREF

3. 1. 7 BEAM ORIENTATION (MREF)

Each two-node element has an "element reference frame"

associated with it (see processor ELD discussion). Beam section

properties, stresses, etc. , are defined relative to these frames.

The 3-axis of the frame is directed from the beam's origin to its

terminus. The origin and terminus are the ends connected to joints

J1 and JZ, respectively, as defined in processor ELDo The beam

end points coincide with Jl and JZ, unless offset by rigid links defined

via the BRL sub-processoro

Entries in the table produced by MREF are used to define

the orientation of beam axes 1 and 2. Usually a single entry in this

table will apply to many beams° Either of two data sequences may be

selected through FORMAT control, as indicated below°

k is

If FORMAT=I (default),

k, nb, ng, isign,

The above indicates that

the data sequence defining table entry

C

c is the cosine of the (smallest) angle between

beam axis nb and global axis ng. Legal values of nb are 1 and 2, and

ng may be l,Z,or3. The parameter isign resolves a possible ambiguity

by indicating whether the cosine of the angle between beam axis (3-nb) and

global axis ng is positive or negative, with values of +i and -1 indicating

positive and negative, respectively. Examples are shown below.
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TAB/
MREF 1 i

l j-3 _ 13

O 3 / G3 I_ 2

_G 2
"G ] / Gz

G I

x_b, ng, isign, and c are nb_ ng, isign, and c are

l, 3, -i, and .9 l, 3, i, and .9

In both of the above cases the cosine of the angle between beam axis I

and global axis 3 is °9, and isign defines the sign of the cosine of the

angle between beam aMs 2 and global axis 3.

In about 95% of t/_e cases c is either lo0 or .0o

Cxre should be taken to supply meaningful information. For

example, if beam axis 3 is parallel to global axis Z, it is useless

to state that the cosine of the angle between global axis Z and beam axis

1 (or Z) is zero°

in FORMAT=Z, the data sequence defining table entry k is

k, il, x 1, Xz, X3o

The above indicates that beam axis orientation is determined by the

location of a _third point', located at (x I, x2, x3), as illustrated below.

The x's are in rectangular components, relative to any frame defined

in ALTR_EF° The NREF=n command may be used to switch to frame n

(default is frame I), anywhere in the input stream.
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LIO TAB/
BA

3. I. 9 EZl SECTION PROPERTIES (BA)

BA generates a table of section properties to which reference is

made during definition of type E21 elements in processor ELDo Nine

classes of cross section are allowed.

The first word in each input record is a typeless word (e. g. BOX,

TEE, etc. ) identifying the class. A single card defines a table entry,

except for DSY which requires two cards. ,Data sequences are as indicated

below.

b 3 , t 3

b 3, t3

b 3 , t 3

BOX k, bl,tl, b2, tZ

TEE k, b l,tl, bz, t2

ANG k, b I,tI, b2, tz

WFL k, bl,t I, bZ, tz,

CHN k, bl,t I, b2, t2,

ZEE k, bl,t I, bz, t2,

TUBE k, inner radius, outer radius

GIVN k, Ii'_I' IZ' _Z' a, f, fl' Zl' zz' 8

DSY k, II'_I' IZ' _Z' a, f, fl (card i)

ql' q2' q3' YlI' YlZ' --- Y41' Y42 (card 2)

In the above, k identifies the table entry number. The b's and t's are

cross-section dimensions defined on Figure BA-I.

In all cases the origin and terminus of the beam (see discussions

of MKEF, BRL, and ELD) coincide with the section centroid. For GIVN
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TAB/

BA

and DSY sections,

I1_ I2 Prh_cipal moments of inertia. Fo_r DSY se_cctio_p__
axes n_ust coincide with the element reference frame axes,

¢_1 ' _2

f=

fl =

Zl,Z 2

0

Transverse shear deflection constants associated with I 1
a_d I_._ respectively. For no shear deflection, set _i
equal_to zero°

cross-sectional area.

Uniform torsion constant. For uniform torsion, torque =

Gf x {twist angle/unit length), where G is the shear modulus.

#
Nonuniform torsion constaxxt, accounting for flange-bending
effects on torsional stifLuess, etc°

Shear center = centroid offsets°

Ix_clilaation of principal axes relative to the element
reference frame (see Figure BA-1). O is in radians.

Use of the above quantities in calculatLng element stiffness matrices

is discussed in Volume 2. Items given on the second card defining DSY

sections have the following meaning:

ql' q2 Section shape factor such tihat maximum shear stress due

to V , a shear in direction 1, is =V 1 ql o q2 is similarly
d ef_ed.

q3 Section shape factor such that maximum stress due to

twisting moment T is Tq3.

Yil' Yiz =
Location, relative to the element reference frame, of the

i-th point at which My/I combined bending stresses are to
be computed. Up to 4 such points may be prescribed.

* In the notation of Volume

C = Gf, and

Cl= Ef 1

LI3A

2, section A,
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1'3.2 EL]i - ELEMENT ]'IEF I N I T [ O1'4 PPOC:ESSFIE'.

FUNCTION -- ELII FO_MB :DATA BETE CONTAININF ELEMENT DEFINITIONS.

ELEHENTE M_Y BE :DEFINE:D IN:DII/I_U_LLY OR THROUGH _N ARRAY QF

HESH _ENER_TORS. _N ELEMENT IS DEFINE:D BY _1) EST_BLISHIN_ THE

JOINTS TO WHICH IT IS CONNECTED_ _N:D (_) IDENTIFYING _PPLIC_LE

LINES IN T_LES OF SECTION PROPE_TIE_, ETC,, USUALLY P_O_UCE_

EITHE_ IN TAB OP IN RI_I3/TRBLE. Rs ELD INPUT lS PROCEESE_ CHECK_

RRE PERFORME:D TO :DETECT ERROPE SUCH AS REFERENCES TO NDN--EXIETENT

LINES IN _ECTIDN P_OPERTY T_BLES_ NON--E×ISTENT JOINT NUMBERE_

ETCo HOWF:/ER, ELD :DOEE NOT E×TR_CT D_T_ FROM ANY SOURCE DTHE_

THRN CRR:D INPUT. _CCD_:DINGLY, IT I_ NOT NECESSRRY TO RE--EXECUTE

EL_ RFTER ERCH T_ EYECUTION, UNLESE JOINT NUH_ER_ O_ SECTION

T_LE LINE NLIM_E_ ETC. , HRI._E BEEN CH_N_E_

FoR PURPOEEE OF E_PL_ININ_ ELD INPUT RULES, WE W_LL CON--

_I:DER EL_ TO BE COMPRIEE:D OF _N _RR_'f BF SIJB_ROCEESORE_ ONE

FB_ E_CH ELEMENT TYPE (E_" E_E, - -- --i). THE FUNCTION BF E_CH

SU_PROCESSOR I_ TO RE_ INPUT C_gE :DEFININ_ _LL BF THE ELEM--

ENT_ BF THE _E_N_TE:D TYPE_ E_CH SUBPROCESSO_ IS ENTERE:D BY

_N _NPUT RECDR_ _T_TING THE ELEMENT TYPE_ _ ILLU_T_TE_ BY THE

EXAMPLE ON THE FOLLOWING P_GE. _IITHIN E_CH SUBPR_CESSO_

CDMMRN:D_ BF THE FOLLOWING TYPE _RE PROCEEEE:D:

-- POINTER I_BMM_N_S. THEEE CBMMAN:DS EET_LIEH THE _.._RLUEE

OF PBINTERE WHICH I:DENTIFY _PPLIC_BLE LINE_ IN T_BLEE OF

_ECTIDN P_BPE_TIEE_ M_TERI_L CONET_NTS¢ _N_ OTHE_ ELE-

MENT _TT_I_UTESq _ :DEECRI_E_, IN :DETAIL IN SECTION 3.2.2.
FOR EXAMPLE, THE CDMM_N:D HCECT= 12 IN_IC_TEE THBT THE

:D_T_ IN LINE _2 OF THE _PPBOP_IBTE _ECTION PROPERTY TBBL, E

_PPLIEE TO _UB_E_UENTLY _EFINE:D ELEMENTS. POINTER V_LIJE_

REMAIN IN EFFECT UNTIL EUPEREE:DE:D _Y _NOTHER POINTE_ COM_

M_N:D©

-- t'I_DIFIC_TIDN _N:D IH;_REMENT_TION COMMRN_ REL_TE_ TO

THE POINTE_ I_:OHM_N_.

ELEMENT I'_F_EI_H = I:DENT]EFI,_-'FITII3N _..ECIDR:DE'

GPIgUP N" FtLPHFIFIUMEPIC TITLE, ELEMEMI" GPOUP H.

-- ELEMENT I-:E)NNECT I _.--'I TY ]'IECLF_RF_T I ONE •

ELEMENT CEINNECTINL_ ,.TnINT_ ¢-. ,_11 _ ._12_

]E:Y" THE FOLLDI4ING _ECLF_RF_TIDN;

JINGLE N--NO_E

_IN I_ :DEFINE:D

I I , ._IF,, _1:3, ._IN

DTHEF_ FORM'_--. OF ELEMENT CI3NNECTI;.JITY :DECLFIRF_TION0 FI__

:DE_CRIBE:D IN _.CErTInN_ o_,. 2.2, :DEFINE MULTI--ELEMENT NETWDI¢H-<$.

I_IpDN CONCLUS I ON OF EY-ECLIT I ON DF EI_CH SUI_PROCESEI3R _ F_LL TF_BLE

PrlINTEF_E F_EI,/EF_T TEl TNEII_ :DEFFH_ILT I/I_LUEE (SEE ,_-:ECTIDN 3. 2. ;?i)

F_NI', THE ME]]'I F_N:D I N t-; PF_RF_METEF_E I_E_/EI_T TD :ZEF_O. _IJ]EPROCEEEORE

I'-IF_-# BE EXECUTE:D I N F_NY" OI=}DEF_.
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THE F'DLLDWING EI_AMPLE ILLLI_-'.T_F_TE_¢ THE GENERAL F_RRRNGEMENT OF"

ELIi INPUT

,_}C(-_T ELD

E435 BEG;IN _EF_NIT_ON oF _LL E43 ELEMENTS"

GROUP ]'ALPHRMUMEPlC TITLE FOP GPOUP ] OF E43"so

HSECT=;'{'_ LINE ? OJ = SECTo P_OP. T_JBLE RPPLIES.

HMRT= 25 L I NE 2 rtF THE M_=_TEI _ I F_L PROP, TR]B.LE F_PPL X ES.

NM_h!=I2$ LINE 12 OF" THE NDN--$TRUCTURRL I,.4EI6HT T_P--LE F_PPL)I___

2 ]2:34 65 ELEMENT 1 oF. _Rr],jp 1 CONNECT_ <:: JOINTS 2,12,34.6.

9 30 24 45 ELEMENT 2 OF GROUP 1 CONNECTs <::JnINT_ 9,5"_f.I_,24_4,

M3ECT=5$ L XNE 5 OF _EC"F. PROP. TABLE NOW FtPPLIES.

20 40 _15 125 ELEMENT _ OF GRC)LIP 1 CONNECTS JOINTS 2rl,41"1,15,_2.

GROUP 2"ALPHAHI..IMEPIC TITLE FOP F:;POLIP 2 OF E43"S.
ELEMENT 1 OF GROLiP ;_ CDNNECT_¢ JOINTE. :3,40,50,10.

L I NE 4 OF THE _.E_N'°_TRIJCT. L4EI_HT TR_LE NIDW RPPL ]E_,

ELEMENT 2 0_-- _OUP 2

ELEMENT :.-I OF _RICIUF =' 2o

3 40 50 105
HMSI.,.t= 45
45 60 51 475
44 23 32 1;};

'_ FILL E4:3"_ _,eP=;NEZ_. FILL TA_..LE PClINTER_ ¢: (M_:ECT, MMRT, ETC.) 9

:}; I_Et/El_T TO THE' I F_ ]DEFF_LILT ;-'F_LUE_ ¢, .

,};

GROUP ]'ALPHF_MUMEPIC TITLE FFiR L;F.:C;UP 1 OF THE E21"_.
H:SECT=2_
HMAT= 4!};
HP.EF=5_;
HOFF=3_
MHSM=?$
20 305
22:315

4A 105

LINE 5 oF. THE _ERM F_I.¢_ rlRIENTIRTIDN TFV]B.LE RPPL](E_:_

LINE i_ OF THE F_l[K_tI, LINK OFF__ET T_]BLE F_PPL_IE_. ¢,,

LIP'_E 7 OF" THE NDN='__,TmL_CT. WEIGHT TP_LE _PPL l'E_.

ELEMENT 1 OF L_ROUF' 1 CONNECTS JOINT_'_=. _l'l_ T3L-I_

ELEMENT -_' OF ,__F_ntJp 1 =

ELEMENT ? OF GF_OUF 1 o

MCECT=5" MDFF=9't;
_ol] :_?!}; ELEMENT 4 OF GROUP 1.

GROUP 2"TITLE FOF' E21 GF,'FIIJF' 2.
2L-.-C,4_,_, ELEMENT | OF GROUP 2.

77 12"J; ELEMENT 2 OF GRID,JP 2,

1=:' 1:3:B ELEMENT 3 OF mRO,,p 2

°_, _LL E21"_¢- DEFINEr,° _I.=L T_-LE PO_NTERE F_E_/ERT Trl DEFRULT t/RLIJE_,

_; OTHER TYPE- ¢T O_" ELEMENT_7 ARE -¢:.IMZLI_RLY I_EFINE_.
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3.2.1 GENERAL PULES, ELD INPUT.

ELD HAS NO _PECIAL RESET CONTROLS. COPE HPACE REQUIREMENTS

A_E L_EC + (17 TIHE_ THE NUH]BER OF GROUPS FOR ANY GIVEN ELEMENT

TYPE). L_EC I_ THE OUTPUT (DEF EZJ) DATA SET ]BLOCK LENGTH;

NORMALLY A]BOL_ 900 WORD_.

IT is IMPORTANT TO _E AWARE THAT WHEN ANY ELD SlJ]BP_DCE_SO_ IS

EXECUTE_ THE RESULTANT DUTPUT DATA _ETS PEPLACE ANY EXZSTZN_

_ATA SET_ _ENE_ATE_ _URING A PRIO_ EXECUTION OF THE _AME

_U]BPR_CE£_OR. _CCORDIN6LY_ ALL ELEMENT_ DF A GIVEN TYPE HU_T

_E DEFINED WHENEVER THE CORRESPONDING ELD SURPROCE£SDR

IE EXECLITE_.

•_.'_.2.1 . 1 ERI_OR CONDITIONS ®

i

ELI1 CHECKS TO SEE THAT ELEMENT- _. :!:)!3 NOT (..1) CONNECT

NON--EXI__-TENT J'OINTS_ OR (.2) REFER TO NON--EXISTENT LINE_ _, IN

T.A_.LE__ [:IF _¢_ECTZEIN PI_OPERTIEE, ETC. IF t=iNY ERRE_RS FIFE I)ETECTEI)_

THE 13LITPLIT ZIATA _<::ETE. (I1EF EzJ, G]) E_J_ GTI'r EIJ) WILL ]BE FLA66E:

A_ CONTAINZN_.¢ FF_TAL ERRORS_ ANZ_ CANNOT ]BE I_EA_D ICY ]DOI, aN_CTREAH

PROCES£EIR- <K. E, EF.'._, - - .

_LL EPRONEOLI£ ITEMS A_E MARKE_ ]BY AN ASTERISK IN THE EL_ NORMAL

P_INT--OLIT (LiNLEE_ BHLIHE=0).
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3.2.1.2 Element Reference Frames.

The order in which the user specifies element connectivity, J1, J2,

J3, - - Jn, determines the orientation of individual element reference frames.

All element-related input and output (section properties, stresses, etc.) is

relative to these frames, which are oriented as shown below°

x

J] _J2 ____z

Y

Line elements (E21_ E22,+-)

z (normal to Ji,J2,J3)

Two-Dime_0sional elements (E31_ E43, --)

_ x
J2

z J6

/
,/ J
/

i ]J3

J1

J2
_ x

Tetrahedrons ( F41, $41) Pentahedrons (F61, $61)

J8 J7

J3 x

J1 J2 _

Hexahedrons (F81, $81)

All frames are right-hand rectangular. Except for the line elements, the

orientation of all element reference frames is determined by the position

of Jl, J2, and J3, with J3 lying in quadrant 1 of the x-y plane. Line

element axis orientation is established by reference to a line in the MREF

table (see Sect. 3oi.7), via the NREF pointer in ELD input.

For the three-dimensional elements_ the relative nodal positions must be

exactly as shown+ That is, J4 must be above the x-y plane in tetrahedrons;

J4, J5, and J6 in pentahedrons must be above the x-y plane and connect_ in

order, J1, J2_ and J3° In hexahedrons, J5, J6, J7_ and J8 must be above the

x-y plane and connect, in order, Jl, J2, J3, and J4°

All two-dimensional elements and the faces of all three-dimensional elements

should generally be as nearly flat as possible+ See Section 3.3 (E Processor)

for a discussion of how tolerances may be set on measures of excessive non-

planarity and other geometric irregularities.
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:3.2. 1.3 ELEMENT G_O'_,R/INDE× DESIGNATION.

ELEMENT_ OF EACH TYPE (E.G. E21, E4:3_ S:31) ARE ORDERED

IN ,_ROUP_. [IJITHIN EACH GPOL|P, EACH ELEHFNT IS IDENTIFIED BY AN

INDEX NLIM_E_. THE FOLLOkJIN_ ILLUSTRATES HOW THE USER CONTROLS

THE G_DUR./IN_EH DESIGNRT_DNS_

_',:{0T ELD

E;--'I.'I; GRouP." INZ,E.'.<"

GROUF' I" TITLE FOR GROUP I.

20:305 1,.'1
40 67'_; 1 -2
:34 5 6:_; 1 ,:5:

12 I05 1i4
GF.:OI_Ip 2" TITLE FOR GROI_Ip 2.
23 II$ 2/I

67 345 2.'2
:7:377'5 2/3
GRDLIF' 9" TITLE FDR GRDLIP 3.

:30 10:5 :3.- I
99 175 :3.'2

6,7 4 1 '._ :::...":3
:.--..'4 1 05 :3/4

CAREFULLY _-ELECTED _)ROUP./INZ, EX ARF;AN,SEMENT_¢ CAN o3REATLY

SIMPLIFY THE ANAL'Y'_.T"S &.4DRI"<:_ AN].', IMPF_r;I..-'E THE F;_EADADILITY OF

F'LOT5 ANI, T_P.LE5 RRODL|CED P..Y _:PF_F.:/5' REPORT--FENEF_ATOR P_E)CES__I_P__.

THE ELEMENT GRrIuP TITLE'S. ARE RETAINED IN THE DP_TA DA_-E, FINN ARE

AL|TrIMATICALLY I_i_ED A_. HEADIN,__ IN _TF_E_._. ]'_I__PLAy:_T._ ANT, P_'_--

,_-_PTII3N_. IN PLOT_.

THE ,;_OU_-.-'INr, E>:: I:_E_IGI-.IATION_"- ARE AL_'.O U_C.FD IN DEFININg3 _.DME

TYPE'_--. DF P._PPLIE'I', Lrl_DIf'o,h_ (E.,_. ELEMENT _'RE_UF;'E_. TEMI='EF_TUI_,E_,

,SRAD IENTF, D I _LOCRT I DN_.) •

] F GROUP CAF;T_ AF;E NnT I_I_ED, ALL ELEHENT'_-- AF_E I N L_F;OLIP I .

13RE]LIPL_ MI_I_T _.E DEFINED IN --_EF;IAL rlRI:_EF_, I_E,3INNIN_3 _ITH ,3F;OuP 1 •

:_.__ =,-- "% __ .-



3.2oio4 THE M0D COMMRN_Eo

THE MOO COMMANDE SUMMARIZE_ _ELOW ARE USED TD'HO_IFY

_ATA DN SU_SEOUENT INPUT RECORDS. THE PRIMARY APPLICRTION TS TO

FACiLiTaTE _ERG_NG OP DATA DECKS PREPAPE_ TO _ESCRI_E _NDIVI_Lt_L

COHPDN_T_ D_ _ _TRUCTURE INTO A _INGLE _ECK _E_CRIIING THE

(NTIRE STRUCTURE.

CDMMRN_ _ERNING DF N

MO_ JOIHT= N _B N TO JOINT NUIM_ERS®

MOB GROUP= N _ N TO GROUP NUIM_ER_=

M0D MSECT= N
MBD MMAT= N
MOB MMSb,l= N
MDD MREF= N
M0_ HDFF= N

_D N TO NEECT TA:BLE POINTER.

_D_ N TD NMAT TA:ELE POINTER.

A_9 N TO NNSW TABLE POINTER.

A_ N TD N_EF THOLE PB_NTE_=

_D N T_ N_F THOLE P_NTEP.

E×AMPLE:

M0D JOIMT 1000

10 20: 21

_ THE SAME AS:

I010 I020:

33: 76 525

1021 ]033: I07E, 10525

E×AMPLE:

MOO GROUP lO

GROUP 3" TITLE

IS THE SAME AS_

GROUP 13" TITLE

E×AMPLE:

MOO M_ECT=IO

M3ECT= 4
IS THE SAME AS:

M_ECT=14

THE M0D PARAMETERS ARE ALL AUTOMATICALLY RETURNED TO ZEPO AT

THE CDNCLLI_IDN OF EXECUTION BF EACH SU_RBCEES_,

THE MOB COMMAN_E ARE SiJ_ETITUTIVE_ NOT CUMLIL_TIVE, _N_T IE_

MOB MMAT=3: - - MOB MMPT 7: - --' IS NOT E_i_iIi/_LENT TB NOD MMAT=lO.
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3.2.1.5 THE INC CDMM_N_.

THE IHC COMMANDS _UMMARIZED _ELDW CAUSE THE ASSOCIATED

TABLE POINTERS TO _E AUTOMATICALLY INC_EMENTE) _Y M AFTE_ EACH

SUCCESSIVE ELEMENT IS _EFINED.

IMC M_ECT= M
IMC MMAT= M
IMC MM_bl= M
IMC MREF= M
IMC NDFF= M

EXAMPLE:

H_ECT=31= IMC MSECT=I

10 115
11 125

12 135
13 145

14 155

_; I_ THE SAME flS_
H_ECT=31: 10 115

H_ECT=32: 11 125

H_ECT=33: 12 135

H3ECT=34: 13 145

H_ECT=35:14 15_

THE MDD COMMANDS HAY _E USE_ IN CONJUNCTION WITH THE IMC
COHH_ND_, AND _OTH HAY _E USED IN CONJUNCTION WITH ALL MESH

GENEraTION FACIL. ITIE_. THE _POVE EXAMPLE COULD ALSO _E INPUT A_'I

HOD MSECT=30

H_ECT=I_ INC N_ECT I_ I0 II, 1 55 (_EE 2--NnDE MESH .r;ENEF;ATIONJ

_LL INC PARAMETEM_ RUTOMATICALLY _EVEMT TO ZERO UPON CONCLUSION

OF EXECUTION OF EACH _U_P_DCESSD_,
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3.2.2 _TeLICTUHAL ELEMENT BEFINITIDN.

IN THIS SECTIDN_ INPUT LANGURGE ELEMENTS APPLICABLE TO IN--

DI(_IDUAL ELEHENT TYPES AHE DESCRIBED,

3.2.2.1 LINE ELEMENTS (E21, E22, E23, E24, E25>

THE FOLLDWIN_ TABLE POINTEH$ APPLY TO LINE (2--NODE) ELEMENT$_

POINTE_ DEFAULT

NAHE VALUE

HMAT I

riSECT 1

HOFF 0

t4H:_:t,I 0

IiPFF 1

R_SDCIATED TABLE (SEE _ECTXON 3o1>.

MATC (MATEHIAL CON_TANTSI)

3ECTION P_OPERTIES=

BAT FOH E21"So
BB_ Fo_ E22_s. AND E25 s
RC, FOH E23_s.

BD_ _oH E24_s.

BRL (RI_Z_ LINV OFFSETS)

H:_b.I (MON--:_THLICTUHAL bIEI_HT INTENSITY)

ELEMENT HEFEBENCE FHAME OHIENTRTION=

MREF TABLE FDH ALL TYPES E_CEPT E25o

ALTREF TABLE FOH E25_So

FoH LINE ELEMENTS_ THE ELEMENT CDNNECTIVITY DECL_HATION STATE--

HENT TO DEFINE A SINFLE ELEMENT CDNNECTIN_ JDINT Jl TO J2 IS:

.J 1 .J25

FOH MESH _ENEHATIDN_ AS DETAILED ON THE FDLLDWIN_ PAGES, THE

WOHM I_:

J1 .J2, HETOPT, HET<I>., NET(2> : NET,:I:3>$
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Two-node element network generators.

if NETOPT=I,

NI= NET(I ) (default= 1),
N J= NE T(Z) (default= I),

JINC= NET(3).

Implied s e quence:

I00

ZOO

NI=JI

IDIFF=JZ-JI

DO Z00 J=l, NJ

DO I00 I=I, NI

NZ=NI+IDIFF

Define element connecting node NI to N2

NI=N2

NI=JI + J * fflNC

Example:

J1 JZ Netopt NI NJ

9 12 ] 4 2

JINC

100

9 (1)* 12 (Z) 15 (3) 18 (4) Zl

109 I12 115 118 121

(5) (6) (7) (8)

*The order in which the elements are defined is indicated by the number

enclosed in parentheses, The index number identifying elements within

each group are determined by the order in which the elements are defined_
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Two-node element network generators (continued).

If NETOPT=Z,

NI- NE T(1) (default= I),

NJ= NET(Z) (default=l),

JINC= NET(3).

Implied sequence:

NI= Jl

IDIFF= JZ-Jl

DO Z00 J=l, NJ

DO I00 I=l, NI
N2 = N1 + IDIFF (except for closing element, when I=NI)

Define element commecting NI, NZo

I00

ZOO

NI=NZ

NI=JI + J_JINC

Example:

Jl

9

JZ

12

Netopt NI NJ JINC

2 4 Z I00

18

9

)

15

118

109

)
ll5

llZ
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Two-node element network generators (continued),

If NETOPT=3,

NI= NET(I),
lING= NET(2),
N3: I_T(3) (default: I)
JINC= NET(4),

Implied sequence:

I00

Z00

N1=Jl
NZ=JZ
DO 200 J=l, NJ
DO I00 I=I, NI
Define element connecting N1 to N2
NZ = N2 + IINC
N1 = Jl ,+31NC*J
NZ = J2 + JING*J

E xampl e:

J1

4

JZ Netopt NI IINC NJ JINC

37 3 4 I0 2 I00

67

47

167

157 (7_8)

(7 .

.// 137
147
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3.2.2.2 A_EA ELEMENTS (E31_ E32_ E33, E41, E42, E43, E44)

THE FDLLDWIN_ TABLE POINTERS APPLY TD _E_ ELEMENT_¢

POINTEP DEFAULT

NAME V_LUE ASSOCIATED TABLE (SEE _ECTION 3.1)

HMAT 1 MATC_ MATE_I_L CDNST_NT_.

HSECT I _ECTIDN P_OPE_TIE_!

_A TABLE FO_ ALL EXCEPT E44o

_ TAPLE FO_ E44o

HMSl,.I 0 N_ I°.l* NON--_T_IJCTIJ_AL _IST_I_IJTED WEIGHT.

NREF 1 Fo_ TWO--dIMENSIONAL ELEMENT$_ MREF IS
NOT A TABLE POINTE_. NREF Is USE_ TO

SPECIFY THE DIRECTION OF _CTION OF

PD_ITII/E P_ESSU_E¢

- IF MREF= 0, PRESSURE EXE_T_ NO F_CE

BN THE ELEMENT,

- IF NREF= 1, POlITeSSE P_EESU_E ACTS IN

THE DIRECTION BF THE 3 AXIS OF THE

ELEMENT REFERENCE F_ME.

- IF MREF=-I, NE_TI_/E P_ES_U_E ACT_ IN

THE _Z_ECTION BF THE :3 AXIS BF THE

ELEMENT _EFE_ENCE FRAME.

IT IS IMPOrTaNT TONOTE THAT FO_ ALL ELEMENT TYPES EXCEPT

E44, NMAT MLI_T _E GIVEN IN _TH THE T_./_:_ AN_ ELD INPLIT.

THE FO_M OF THE ELEMENT C_NNECTIVITY _ECLA_RTION FO_

_IN_LE ELEMENT IE:

._11 ._1;?_ ._1:3!_; (3--MEleE ELEMENT)

._11 ._IP_ ._IL:{ ._14_; (4--NOT, E ELEMENTI)

Fo_ MESH _ENE_ATIDN_. R_ _ETAILE_ ON THE FOLLO_IN_ PA_EE,_ - . THE

FB_ME A_E=

.J1 .J2 .J3,
Jl .jo .j?.._14,

NETDPT, NET(l), MET"1), - -

NETOPT, MET(l), MET(2), - -
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Three-node element network generators.

If Neto_pt= 1,

NZ= NET(I),
NJ= NE T(2) (default=l).

Implied sequence:

I00

200

IINC= J Z-J I

JINC= J3-J2

NI= Jl

NZ= J2

N3= J3

N4= J 3-1INC

DO 200 J=l, NJ

DO 100 l=l, NI

Define element connecting

Define element connecting
NI= NI + lING
N2= N2 + IINC
N3= N3 + IINC

N4= N4 + IINC

NI= Jl + JINC

N2= J2 + JINC

N3= J3 + JINC

N4= N3 - IINC

NI_ N2, N3
N3, N4_ NI

Example:

Jl

2

J2 J 3 Ne fx)pt NI NJ

3 103 I 3 Z

202

I02

203

(7) 103

(1)

7.

204
205

(4) /

Y(3)
[/_ •

(12)/_

/( _1)

(6)_

/// (5)

105
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Three-node element network generators (continued).

IfNetopt=2,

NI _

NJ--

JINC=

NET(l): (NI must be greater than I),

NET(2) (default=l),
NET(3).

Implied sequence:

i00

200

IINC= J3-J2
NI= J1

N2= J2

DO 200 J=l, NJ
DO 100 I=1, NI
N3= N2 + IINC
Define element connecting N1, N2,N3
N2=N3

NI= J1 + J*JINC
N2= J2 + J*JINC

Example:

J1 J2 J3 Netopt NI NJ JINC

2 5 7 2 6 2 30

15 17 45 47

13 43_

7 37

9 39
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Three-node element network generators (continued),

If Nero t___,

NI= NET( 1 ),
NJ= NET(Z)

5INC= NET(3).

{default= 1 ),

Implied sequence:

]00

g00

IINC= J3-J2

NI= Jl

NZ= JZ

DO Z00 J=l, NJ

DO I00 I=I, El

N3= N2 + LINC (except closure when I=N-I)

Define element connecting NI_ NZ, N3
NZ=N3

N] = Jl + J*JINC
NZ = JZ ,+J*JINC

Example:

Jl J2 J3 Netopt NI NJ

g 5 ? 3 6 2

JINC

30

15

i I __._/"
9

45

t •43

41

39

37
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Four-node element network generators.

If Netopt: 1,

NI= NET(l),
NJ= NET(Z) {default=l),
NE= NET{3) {default=l),

KINC= NET(4).

Implied sequence :

i00

200

3OO

IINC= JZ-Jl

JINC= J4-Jl

DO 300 K=I, NK

N1 =Jl

DO 200 J=l, NJ

DO I00 I=l, NI

N2= NI+IINC

N3= N2+ JINC

N4= NI+JINC

Define element connecting NI, N2, N3, N4

N1 = NI+IINC

N1 = JI+J*JINC

Jl = JI+KINC

Example*:

Jl J2 J3 J4 NETOPT NI

Z 3 Z3 22 I 2

NJ

3

NK

2

KINC

200

62 63 64 262 263 264

42

22

(5) (6)
43;

(3) (4)
23

(I) (2)

44

24

242

222

(11)

(9)

(7)

243

223

(12)

(I0)

{8)

Z 3 4 202 203 204

244

224

Note: J3 must be present, although not used.
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Four-node element network, generators (continued).

If Neto tp_,

NI= NET(I),
NJ= NET(Z) (default= 1).

Implied sequence:

i00
2O0

IINC= JZ-Jl

JINC= J4-Jl

NI= Jl

DO ZOO J=l, NJ

DO I00 I=I, NI

N2 = N1 + IINC

N3 = N2 + JINC (except closure when l=NI)
N4 = NI JING (except closure when I=NI)

Define element connecting NI_ NZ, N3, N4
NI = NI + JINC

N1 = N1 + IINC

Example:

J 1 JZ J 3 J4 Netopt NI NJ

1 i ,1 1 Z 2 2 6 3

4

5

:3 13 Z3 33
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. 3.2.2.3 Three-Dimensional Elements

Only one table pointer, NSECT (or the synonym NPROP) applies°

The default value of NSECT is I. For fluid elements, NSECT points to

a line in a table named PROP BTAB 2 20. For solids, NSECT points to a

line in PROP BTAB 2 21. Before executing ELD, the user must construct

these tables via AUS/TABLE, as indicated below° Mesh generation

facilities are described at the end of this section.

Fluid elements F41, F61, FSI:

For additional information see Section 12. It should be noted that FSM

is the only processor which produces system matrices containing fluid

element terms. Fluid element terms are not included in the system

diagonal mass matrix, DEM, produced by processor E, nor in the system

matrices produced by K, M, or KG. No form of static temperature,

dislocational, or pressure loading is defined for fluid elements. GSF

produces no stress data for fluid elements. Section properties are

defined as follows:

@XQT AUS

TABLE(NI=2, NJ= the number of different fluids): PROP BTAB 2 20

J=l: P, 6 $ Mass density, bulk modulus for fluid i.

J=2: p, 8 $ Mass density, bulk modulus for fluid 2.

Solid elements $41, $61, $81:

Solid element terms are included in the system diagonal mass matrix,

DEM, produced by E, and in the system matrices produced by K and M,

but not those produced by KG° Properties are defined as follows:

@XQT AUS

TABLE(NI=31, NJ= number of different solids):

J= I$ Properties of material I follow°

w>

all >

a21 a22 >

a31 a32 a33 >

a41 a42 a43 a44 >

a51 a52 a53 a54 a55 >

a61 a62 a63 a64 a65

_ _ >

x y z

Y Y Y Y Y
xx yy zz xy yz

a66 >

Y $
zx

PROP BTAB 2 21

J= 25

m

Properties of material 2 follow. (Same sequence as above)
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In the preceeding,

w= weight density (weight/unit volume).
t S

The aij are flexibility coefficients defined as follows:

_x

_xy

_yz_zx

_all

a21

= a31

a41

a51

a61

x y z

Y Y Y
xx yy zz

a22

a32 a33

a42 a43

a52 a53

a62 a63

symmetric

a44

a54 a55

a64 a65 a66

O X

Oy

0 z

_xy

T yz

ZXj ,

For isotropi¢ sections,

all a°.= 0, except:
13

all = a22 = a33= I/E,

a21 = a31 = a32 = -_/E, and

a44 = a55 = a66= 2(i + _)/E.

= linear thermal expansion coefficients°

Y Y Y = reference or yield stresses for use in
xy yz zx

stress displays. See PSF discussion.

In all of the above, x, y, and z are axes of the element reference frame.

For a single element, the form of the element connectivity declaration is:

Jl J2 J3 Jn$ n nodes.

3.2-19



.... Pentahedral element network generator.

For mesh generation of pentahedral elements, the form of the element

connectivity declaration is:

Ja' Jb' nj, nk, jinc, kinc, iclose, netopt

Netopt is any nonzero integer. If iclose is zero, the implied sequence is:

DO i00 K= 1,NK

DO I00 J= I,NJ

Jl = Ja + (K-l)*kinc

J2 = Jb + (J-l)*jinc

J3 = J2 + jinc

J4 = Jl + kinc

J5 = J2 + kinc

J6 = J3 + kinc

I00 define element connecting Jl' J2 _ - - J6"

The parameter iclose is zero for a normal open mesh, and 1 for closed

cylindrical meshes as illustrated on the next page.

J4

Jl

J
2

X

J6

¥
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Pentahedral element network generator (continued)°

Example:

ja = I00 (center, bottom)

jb = 123

nj = 8 (8 wedges)

nk = 3 (3 rings)

jinc = 3

kinc = I00

iclose = 1 (closed mesh)

metopt = I

Note that this mesh would

fill the hole in the center

of the cylindrical mesh exam-

ple show_ for hexahedrons.

43&_ If __-_ 432

- jj-J341 29

141

Example:

ja = 100

jb = 123

nj = 2 (vs 8 in above example)

nk= 3

jinc = 3

kinc = I00

iclose = 0 (vs 1 in above example)

netopt = I

400 429

_329

7 .326 229

129
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Hexahedral element network generator.

/

For mesh generation of hexahedral elements, the form of the element

connectivity declaration is:

Jo' ni, nJ, nk, iinc, Jlnc, kinc, iclose_ netopt

Netopt is any nonzero integer. If iclose is zero, the implied sequence is:

DO I00 K= I,NK

DO I00 J= I,NJ

DO I00 I= I,NI

Jl = Jo + (K-l)*kinc + (J-l)*jinc + (l-l)*_inc

32 = Jl +iinc

J3 = J2 + jinc

J4 = Jl + jinc

J5 = J l + kinc

J6 = J2 + kinc

37 = J3 + kinc

J8 = J4 + kinc

I00 Define element connecting Jl' J2' - - J8

The parameter iclose is zero for normal rectangular meshes, and 1

for closed cylindrical meshes, as illustrated on the next page.

3 1 3 2

Y

X
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Hexahedral element network Generator (continued).

Example:

Jo = 1

n_.= 4

nJn=k= Ii I_

iinc-- 1

jinc= I0

kinc = 5

iclose = 0 (unclosed mesh)

netopt = 1

16 17 18 19 20

6' 17T-- 18_ 19
l I , I ' I

1 2 3 4 5

Example:

jo = 121

ni= 8 (8 wedges)

nj= 2

nk= 3

iinc = 3

jinc = ]
kinc= 100

ielose= 1 (closed mesh)

netopt = 1

43_ 30

439 ( 427

339 327

239 , -__

139 24_ /1127

!21 ,,

J----_i24

_-_ _ "
21
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;3o2.3 THePMAL ELEMENT DEFINITION

THE _P_P THERMAL ANALYSIS PROCE_SO_E ARE _ESCPI_E_ IN A

EEPARATE DDCUHENT_ THE _PAP THERMAL ANALY_I_ REFERENCE MANUAL.

THE THERMAL ELEHENT REPERTOIRE I_ SUMMARIZE_ _ELOW.

LINE

ELEHENT_

CONDUCTINg= K21

CDNt_ECT I N_ = C21

R_DIATXNG: R21

TRIANGULAR _UADmILATEmAL

2D ELEMENTS _ ELEMENTS

K31 K41

C31 C41

R31 R41

3_ ELEHENTS

K61, KS/

FOR ELEMENT TYPE _ (_ Is K21, R41, ETCo)_ ELD PRODUCES THE
_ME FDRM OF OUTPUT _ATA _ETS AS FOR _TRUCTURAL ELEMENT_; I.E.
DEF M×M. GD ×XX, GTIT _f AND _IR _ PERHITTING THE
THERHAL ELEHENT_ TO _E _I_PL_YED _Y THE _P_R GR_PHXC_ PROGRAMS.

_N A PO_T--PROCEE_ING O_ERATION, ELD PRDDUCEE THE THERMAL

ELEHENT DEFINITION _ATA EET_ TED _ N_RP_ _ESCRI_ED IN THE

_PA_ THERMAL _N_LY_I_ REFERENCE MANU_L, _U_JECT TD THE

FOLL_4ING RESET C_NTR_L_:

LRTED 896

_EFAULT

VALUE MEANIN_

_F HI.ITED Is NOT ZERO! %T %_ENT%F%EE THE _EET%N_
TIDN LI_Y FD_ THE TED MMM N_ _T_ SETS.
IF MLITED _s N=T _ERO. TED _X_ N_R_ _T_ EETS

WILL _E PRB_UCE_ FBR ALL THERMAL ELEMENT DEF
_ _T_ EETE _E_I_IN_ IN LIgR_Y _! N_T JUET

THBEE CRE_TE_ _LI_IN_ THE CUrrENT EXECUTION.

HDM_N_L _LDCK LENGTH OF TED ××× N_RP _UTPUT.
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THE INPUT _ULEE FDP THEPH_L ELEMENTE H_E _UPETHNTI_LLY THE

_HE _E FOP ETp!_ICTUPRL ELEMENTE® THE MBD HN_ IMC COMHRN_E

H_Y PE UEE_ BN_ THE _ME MEEH GENEraTION F_CILITIES _PPLY.

_HE FDLLD_IN_ PDINTEP COHH_NDE _PE UEE_

PO_NTEP _EFHUL_

_NE VALLIE ME_NTNG

MMAT I

MSECT 1

• HE EAME mE NH_T_ NFXLHw DP N_A_ _E _EFINE_

_N THE _P_ THEPMHL _N_LY_TS _EFE_ENCE MHNUAL

FOP CBNDLiCTIN_ CONI_ECT_N_q _N_ _I_TIN_

ELEHENTE" IN THaT OPgEP.

MMAT H_Y _E _NY PBE_TI*/E B_ NEgaTIVE _NTEGEP®

PDINTE TD R LINE IN BNE OF THE FOLLOWING

T_LEEq NHICH THE UEE_ HU_T C_E_TE VI_ ALI_/

TABLE _EFOPE E_ECILtTZN_ ELD. THE TABLE
P_P_METEP _I ML_T 9E _ FOP E_CH T_LE_

_E CONTEN °r

k_ AREA

_ THIC

C CIRC

P C]RC

K21 _p_s.
K3) HN]_ K41 THICRNEEEES.
C2_ C_F;CUMFE_ENCE_.

R21 CIPCUMFEPENCEE.
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:3.3 E-STRTE IMITIBTIDN

FoP EACH ELEMENT IN THE STPUCTUPE THEPE. IS AN /ELEMENT

XNFDPMATION PACKET. 4 DEPENDING DN THE PAPTICULAP TYPE DF

ELEMENT_ EACH PACKET USUALLY CONTAINS INFORMATION IN EACH OF

THE FOLLDNING CATE_OPIES:

|-- INTEGER TNFOPMRTXON SUCH RS THE CONNECTED JOINT NUMBER_

AND POINTERS IDENTIFYING APPLICABLE LINES IN TABLES OF

MRTERZRL CONSTANTS, SECTION PPOPE_TZES, ETC.

2- HRTEPIRL CONSTRNT_

:_ GEOMETRICAL DETRIL_* E®G_ DIHEN_IDN_, ORIENTATION.

4_ _ECTION PROPERTIES®
i

_-- _NTRINSIC STIFFNESS HRT_IX_ OP E_UIt_RLENT.

_-- _TPESS PECOUEPY INFLUENCE MATPlXf O_ E_UIt_ALENT®

7-- INTE_NRL ST_E_S PESULTANTS ON WHICH _G COHPUTRTXONS

APE TO _E _RSED.

PPOCE_OP E CONSTPUCTS PARTS _ -- _ OF THESE PRCKETS_ AND LERVE_

_PRCE FOP PRPTS _ RN_ 7, BUT DOES NOT FOPH THEM. FOP ELEMENT

TYPE _P:_ (_X IS E21, E4:_, _:_1, ET#°), THE NAME OF THE DATA

FET CDNT_INING THE PACKETS IS _X EFIL.

E _L_O PRD_L_CES _ _Y_VEC--FOPMAT DATA SET NAMED DEH, _HICH IS THE

_Y_TEM M_ MATRIX IN DIAGONAL (LUMPE_ M_F_I) FORM. DEH INCLUDE_

DNLY THE MA_F A_OCIATE_ _ITH ELEMENT_ AN_ ANY NDN--_TPUCTUR_L

M_ ATTBCHE_ TO ELEMENT_. RIGID M_ _T_, IF ANY, DEFINE_

IN TAB Is NOT INCLUDED IN DEM. DEM AN_ _I_ID M_S_ _T_ M_Y

_E _L;MMED, IF PE_L;I_E_, VI_ RU:S/SLIM. DNLY _ISPL_CEMENT--

_EPEN_ENT TERH_ RRE INCLU_E_ IN DEM, I.Eo PIGI_ LINM: DFF_ET_

APE I_NDmE_, RN_ m_TRTION--DEPENDENT TEPM_ APE _ET E_URL TO ZEPD.

INPL_T TO E CON_I_T_ OF _U_TRNTIALLY _LL TH_ _N_ ELII OUTPUT,

RN_ _NY _ECTION PROPEPTY TRBLE_ GENEPATE_ ;.'IA RU_/TR_LE.

_EPIE_ OF EIFHT TE_T_ R_E PEPFORME_ TD DETECT GEDHET_IC

IPPEGLILA_ITIE_, _UCH R_ _ADLY PROPOPTIONED ELEMENT_ AN_,

E_CE_I_ELY WARPED FACE£. THE FOLLOHING CDMMRN_ RPE PPD_/I_E_

TO FUP_-_ISH USEP CONTROL O_/E_ THESE TE_T_=

T= Tt, T2, T3, T4, T5_ T6, TT, T:_

IEeR= _1. _2. K3, _4, _5, K6. K7. K_

THE DEFA;.;LT _)ALUE_ APE:

T= 1.-20, .05, 1.-5, 1.-5, 20., 1.-4. 1.-4, 1.-4

lEeR= 2, 2, O, 2, 2. 2, 2, 2
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THE GEOMETPIC_L. TE_T_ _E DESCribED PELDW. ]_ TE_T J I_ NOT

P_S_E_, THE DUTPLIT _T_ _ET (XXX EFIL_ WILL H_VE _N ER_Q_

CODE OF RJ9 A_ E_T_LZSHED _Y THE ]E_P CDMM_ND. _HE TE_MS

USED IN THE DE_C_ZPTIDN OF THE TEST_ _E _EFZNED AS FDLLDH_:

= F_ _'FACE" I$ THE SUF_FR(;E D_" _ TWD__]_HENFIDNAL ELEMENT; DR

A FF_CE DF _ THREE_-DIHEN_IDNAL ELEHENT. _N "EDGE _ l_ ONE

DF THE L IN_ _GHEN'Irs CDN_T_TIJTIN_ THE _QUNDAF_Y 0_ f_ FF_CE.

ML zs THE LENGTH OF AN EDGE.

-- CL Is CHARACTERISTIC LENGTH BF _ F_CE_ FOR ELIADRILRTE_AL

F_CES_ CL Is THE S_U_E _BOT OF THE _E_. FO_ T_I_NGLIL_

F_CES_ CL :s THE S_LI_E ROOT OF THIEE THE _RE_.

-- X_4 IS THF DISTANCE F_OM THE FOURTH NONE OF A _UADRILATEPAL

F_CE TB THE _L_NE BF THE OTHER "rH_EE NONES.

TE_T DESC_PTTON

_E_O LENGTH E_E¢ TEST F_L_; XF XL IS LE_ THAN T_.

2 COLIN_R _DJACENT EDGES: IESI" F_ILS IF THE _NGLE BETWEEN

T_D _DJ_CENT E_ES IS LESS TH_N _2.

._--: _F X-__'_4 _E: GREF_TEF_ THAN EL } T';__, THE ELEMENT IS CONSIT, ERED

NE)N--FLF_T_ PUT N_T NECE-¢-__RILY E.>_CESS]rl/ELY Nf-_RPED.

4 F_CE I_ E_CCES$I_/ELY HARPED IF _34 E_CEEDS CL _ T4.

_L.£O_ SEE THE MI,I_P RESET CONTROL FB_ E41_ E44 ELEMENTS.

5 F_CE I_ E_CESSIL._ELY BUT DF PROPORTION IF :×:L Is

G_E_TE_ THAN CL @ 'TS.

6 THI5 TEST _PPL_ES ONLY TO FbJ EL.ENENT_q FO_ NH_CH THE

C_E_N_,_NG EDGEE O_ THE 'T_ T_I_NGL_L_ F_CEE HLI_T _E

P_LLEL_ THE TEST F_IL_ IF THIS _E_UI_EMENT I_ NOT MET

_ITHIN _ LINEAR TOLERANCE BF T_.

7 I,IHERE P. IE- THE 3 Y- 3 TRANSFOF;MF_TION MATRIX DEFININ,__ THE

rlRIENTATIEIN OF-" THE ELEMENT F@EI--EF_ENCE FRF_ME F_EL_TIVE TO

GLOP_L FF_AME_ THIS. TEST F_IL_C I_" ANY TE_M nF THE pF_rlDLICT

P } _. (TF_N.._--.POSE) DIWF'EFPE FROH THE IDENTITY MATF_IY ]_:y

HOF_E THF_N T7 _ faS A F_ESULT OF NEF_F_LY COL Z NEAR EDGE_.

8 TH_ TEST FA_LS IF THE _ E_OR]_N_TE_ RELaTiVE TO THE

ELEMENT _EFE_ENCE FR_E_ BW _NY _W THE F_LLO_ING NDDE_

I_ LES_ TP_N _ TIMES THE _UA_E _OOT OF THE F_CE IN THE

_Y PLANE:

-- FOF_ TETF_F_HEDF_ONS_ NODE 4.

-- FE1F_ PENTAHEDPEINSf NONES 4, 5, 6.

-- FI:3F; HEXF#_EDF_rJN_ _ NONES 5._ _c_, _ _ AND _.



RESET CrlNTRnLS :

_IEFRLILT

HF_HE VALUE

G 1.

LZERD .001

RCH o0001

PPTE I

LIM 50

M;:IRRP ,05

NEANIN_

_I/IT_TIONAL CONSTANT USED IN CONSTRUCTING

THE SYSTEM DI_DNAL M_SS H_TPIX_ _EM®

IF YDLI _E USIN_ INCH--POUND--SECOND UNITS _ND

_E_HT DENSITIES WERE _II/EN IN TAD XN UNIT_

POLIND_ PER CUBIC INCH, RESET G= 386.

_ERO--LEN_TH TEST FOR 2--NOne ELEMENT_,

E25 XS LONGER TH_N LZERD, E25 EFIL WILL
_E MAR_E_ IN ERROR.

IF FIN

I_IHERE F! IE THE :_ :_:':q T_NSPORMATION MATRI×

_EFINING THE ORIENTATION OF A 2--NODE ELEMENT

REFERENCE FRAME RELATI:.)E TO THE GLOBAL FR_ME_

AN ERROR CONDITION E_TF IF ANY TERM OF THE

PRODUCT, _ TIME_ _ (TRAN_PO_E_ _ DIFFE_

FROM THE IDENTITY HATRI× _Y M_PE THAN RCH.

THI_ OCCUR_ _ A RESULT OW INCORRECT MREF
INPUT.

HON--_ERO PPTE RE_I_ILT_ IN POINT--OUT DF FULL

_ETAIL_ OF ANY GEOMETRICAL ERROR_ DETECTE_.

AFTER P_INTING _EOMETRY E_RDR DETRIL_ FOR

LIM ELEMENT_q NO FLiRTHE_ E_R_R DETAIL_ WILL

BE PRINTED_ ALTHOUGH PROCESSlN_ MILL CONTINUE

AN_ AN ERROR SUMMARY WILL t:E P_INTED.

FoR E41 AN_ E44 ELEMENTS, PI_,_RRP REPLACES THE

GEOMETRY TEST P_R_METE_ T4 (_ARP LIMIT) .

CENTRAL MEMDRY REQUIREMENTS:

_LL OF THE T_--PRODUCED GEOMETRY, MATERI_L CONSTANT, _ND

_ISTRIBUTE_ WEIGHT TABLE ARE HEL_ CONTINUOUSLY IN CENTRAL

MEMORY. _F EACH ELEMENT TYPE IS PROCE_EED, THE _SSOCIATED

_ECTION PROPERTY TABLE IE _LSO IN CENTRAL MEMORY. IN A_DITION

TO THE F_RE_ING, A_UT _000 TO 10000 wOB_S SHOLIL_ _E

_LLBWE_ F_R I/O _UFPERS.

3 _.-_,



6. I. 5 Nodal Pressures

Nodal pressures are in a TABLE format data set named NODA PRES iset.

Case 1 resides in block 1, case 2 in block 2, etc. The block length is equal to the

total number of joints in the structure. The direction of action of nodal pressure

on individual 3- and 4- node elements is established by the NREF statement in ELD,

If NREF= 1, positive pressure acts in the +3 direction of the element reference

frame° If NREF= -1, positive pressure acts in the opposite direction. If

NREF= 0, the pressure loading does not act on the element° (See Section 6.1o6o3 for

further information. )

The following example defines load set 9, containing two cases:

@XQT AUS

TABLE: NODAL PRESSURES 9

CASE 1

J= 1, 6:1o35

CASE 2

J= 2, 10:4.25

J= 20, 30:5.05

Pressure at joints 1 through 6 is Io3.

Pressure at joints 2 through 10 is 4.2.

Pressure at joints 20 through 30 is 5.O.

* Pressure loading acts only on area elements, i.e. E31, E32, E33, E41, E42,

E43, E44.

Ll3a 6.1.5-1



6.1.6 Loading Defined For Individual Elements

Applied load data defined for individual structural elements resides in

ELDATA format data sets (see Section 2, 5) with the following names:

Name

TEMP Eij iset icase

DISL Eij iset icase

PRES Eij iset icase

Type of Loading

Thermal

Disloc_,tional(initialmismatch)

Pressure

In the above list_ Eij is any valid structural element _pe (e.g., E2:l ,

E33, E41, etc°)o Note that each of these data sets corresponds to a single load case ,

icase, within set iset=o For example, suppose that, Jn load set 4, case 7, thermal

loads are applied to type E21 and E43 elements, and pressure loading is applied to

Wpe E43 and E33 elements. The names of the corresponding data sets would be as

follows:

TEMP E21 4 7

TEMP E43 4 7

PRES E43 4 7

PRES E33 4 7

Each of the data sets contains an entry. (column of data) for each structural

element of _he indicated WiPe. Individual entry details for each class of loading are

defined in Sections 6.1 _ 6o i through 6.1.6.3.

6, i_6-1



• For E31 and E33 elements, each entry contains three elements:

T1 _ T2' and T3

The T.'s are temperatures at the element corners as shown below.
1

T:j \T 2
Joint Jl Joint J2

In the above, J1, J2, and J3 have the same meaning as defined in ELD.

Where Tj1 , Tj2 , and Tj3 are the nodal temperatures (if any_ from

block icase of NODA TEMP iset)_ the total effective corner tempera-

tures are T 1 + Tj1 , T2 + Tj2' and T 3 + Tj3o The temperature

distribution within the element is assumed to be linear°

Example. Case 19 of load set 6, type E33 elements.

@XQT AUS

ELDATA: TEMP E33 6

CASE 19

G=2: E= 10: 4.5, 6.2, 9.45

G=9: E=92: 3.7, 6.8, 9.95

6.1.6.1-3



o

For E41,E43, and E44 elements, each entry contains four words:

TI' _F2' T3 _ and "T4"

The Ti_s have the same meaning as for triangular elements. Tbe

temperature _:_stributio_ in 4-node elements is assumed to be

linear_ resulting in stress-free deformation of the decoupled

element. EQNF uses an averaging procedure to determine the

linear gradients from the input temperature data. Element meshes

should be made fine enough to support this assumption.

For n-node three-dimensional solid elements (n= 4, 6, 8 for $41_

$61, $81), each entry contains n words:

TI, T 2_ = _ = TnO

The To'S have the same meaning as indicated above for 4=node
i

elements_ including the use of an averaging procedure in EQNF.

• Temperature loading is not defined for E25, E32, E42, F41, F61,

or F81 elements.

LI3A 6. i. 6. i-4
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• The content of individual entries in DISL data sets for membrane/bending

elements is as indicated below.

Element

Type (EIJ)

E31

E32

E33

E41

E42

E43

E44

Content of entry in DISL EIJ

d21 d31 d32 3

d23 r21 r22 d33 r31 r32 6

d21 d31 d32 d23 r21 r22 d33 r31 r32 9

d21 d31 d32 d41 d42 d43 , 6

d23 r21 r22 d33 r31 r32 d43 r41 r42 9

d21 d31 d32 d41 d42 d23 r21 r22 d33 r31 r32 d43 r41 r42 14

d21 d31 d32 d41 d42 d43 6

Number of

words/entry

For j= 2,3, and 4 (corresponding to joints J2, J3, and J4), dislocational

quantities dj3 , rjl , and rj2 are defined as motion components of node j

relative to an intrinsic frame rigidly embedded in Jl, initially parallel

to the element reference frame° Component dj3 is direction 3 motion, and

rjk is a rotation about axis k. For E41 and E44 elements, d43 is defined

as displacement of node 4 normal to the plane of Jl, J2, J3. The five

other dislocational quantities are defined on the following figure.

d 42 Joint J4

___ Joint J3

// / Id31

// _ Element Posltlom_d

Joint J l Joint J2

6.1.6.2-3



• The content of individual entries in DISL data sets for three-

dimensional solici elements is as shownbelow.

Element

S41

$61

S81

Content of entry in DISL Si i

d21 d31 d32 d41 d42 d43

d21 d31 d32 d41 d42 d43 dsl d52 d53 d61 d62 d63

d21 d31 d32 d41 d42 d43 .... d81 d82 d83

Number of

words/entr X

6

12

18

| _ J

The djk s are defined as djk= Yjk Xjk , where:

X_k '= direction k position coordinate of node j (j= 1 through

the number of nodes in the element), relative to the element

reference frame, for the element positioned in the null

structure, and

Y_k = corresponding nodal locat_ons for the stress-free element,
J

relative to the :intrinsic element irame (origin at node i,

axis I directed from node I through node 2, node 3 lying in

quadrant J of the 1-2 plane).

Note that dll= d12 = d13= d22= d23= d33 = 0, by definition.

LI3A 6. I _6o 2=4



6.1.6.3 Pressure. The content of each entry (data column) within a

iset icase data set is described below.

PRES Eij

O For E31, E32,

as follows :

and E33 elements, each entry contains three words,

PI' P2' P3

The P.'s
1

The Ji's

are pressures at the corners of the element,

have the same meaning as defined in ELDo

as shown below.

/"

\

%

J3m

_ P2

Joint J1 Joint J2

It is assumed that pressure varies linearly over the surface of the element.

The 3-axis of the element reference frame is the direction of action of

positive Pi's.

The NREF statement in ELD has no effect on the P. 's. The reason for this
1

convention is to provide a means of introducing pressure loading when NREF

has been set equal to zero to inhibit nodal pressure loading as defined in

Sec_on 6.1.5.

6.1.6.3-1



• For E4I, E42, E43, and E44 element,s, each entry contains four words.

The P's have the same meaning as defined previously for triangular ele-

ments. For purposes of determining ,equivalent loading, the following

assumptions are made:

(1) The element is comprised of four independenttriangular elements

shown below.

(2) The pressure distribution in each of the four triangles _s linear°

The pi's are total corner pressures.

1/2 P4 1/2 P3 1/2 P4 1/2 P3

I/2 P l I/2 P2 1/2 P l 1/2 P2

6_ 1,6o 3-2:



SSOL

6.3 SSOL- STATIC SOLUTION GENERATOR

Function. SSOL computes displacements and reactions due to point

loading applied at joints. Where ise____tis the load set identifier, and ncon is

the constraint case (see SSOL Reset Controls and Figure 6-1), the SYSVEC-

format output data sets are

STAT DISP iset ncon,

STAT REAC iset ncon.

and

Each of the output data sets consists of n blocks, where n is the number of

cases in the designated load set. Block 1 is the solution corresponding to

case 1, block 2 corresponds to case 2, etc. The number of cases, n, is the

largest of the following:

(i) nf, the number of blocks in APPL FORC iset,

(2) nm, the number of blocks in APPL MOTI iset_ or

(3) ne_ the largest value of icase in any EQNF FORC iset icase

resident in QLIB.

If nf or n m is less than n, the omitted input load vectors (e.g., applied forces

for cases nf + 1, nf + 2, etc.) are assumed to be identically zero. Similarly,

any omitted EQNF FORC iset icase is assumed to be identically zero.

Components of the STAT REAC iset ncon set corresponding to constrained

or specified joint motion components are reactions. All other items are residual

error forces; i.e., F - KU, where F = total applied forces, K = stiffness

6.3-1



SSOL

matrix, and U = computed displacements.

be scanned for evidence of round-off error.

The error forces should always

If the error print (EP) option is in effecL three items, entitled F*U_ U*KU,

and ERR, will be printed for each load case. Where F and U are applied force

and computed joint motion vectors, respectively, these three items are in order,

Ftu, UtKU, and the absolute value of FtU - UtKU divided by the greater of Ftu

or utKu. If joint motions are specified via APPL MOTI iset, the ERR quantity
i

should not be inter rp.r.9..ted as an error measure.

RESET Controls.

Default

Name Value

K K

CON 1

KLIB 1

KILIB 1

QLIB 1

SET 1

REAC 1

EP 1

Meaning

Name of stiffness matrix.

Constraint ca.se (see INV discussion).

Library cont:dning stiffness matrix.

Library eont_tining factored stiffness matrix.

Data source, destination library.

Load set (iset).

Nonzero value causes STAT REAC iset neon

to be produced.

Nonzero value causes error analysis to be
performed.
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7°2 PSF - STRESS TR_LE PRIMTEP

P_F PRINTS ELEMENT STRESSES AND _TRE_$ RESULTANTS FROM

D_TA C_NTAINE_ IN THE STRS EIJ ZSET ICASE _ATA SETS GENE_TE_

_Y 63FQ THE SECTION PPDPEPTY TR_LES FOR RLL TWD _N_ THREE--

_IHENSZONAL ELEHENTS (IF PRESENT) _RE _ETAINE_ IN CENTRAL

HEHO_Y THROU6HDUT PSF EXECUTZDN. _CCOR_INGLYf SUFFICIENT

CENTRAL HEHDRY TO _CCDMHO_ATE _OTH OF _HESE A_YS9 PLUS ONE

_L, OCK DF ANY STRS EIJ _ATA SET MUST _E P_OVZ_E_.

THE FOLLOWIN_ RESET CDNTRDLS ARE PRDVI_E_.

_EF_ULT

VALUEHAME MEANIN_

QLI_ I _OURCE LI_RA_Y_ STRS EIJ'ISET ICA_E_ AN_

CB3E TITL XSET.

SET 1 I_ET_ THE LDA_ SET 19ENTIFIER,

L_ _ ICAEE_ (SEE SU_EEUENT 9ISCUSEIDN).

L2 ICASE2 -- _EFAULT IS THE NUMBER OF CASES (_LDCKS

IN THE C_SE TITL ISET 9ATA SET.

DISPLAY 1 _I£PLAY FDRMAT SELECTOR. _ET_ILS ARE _ISCUS_ED

AN_ E×AMPLES P_ESENTE_ LATER IN THIS SECTIDN°

HODES 1 FOR TWO AN_ THrEE--dIMENSIONAL ELEHENTS_ RESET

MODES= 0 TO RESTRICT PRINTOUT TD ELEMENT CENTER.

CROSS 1 FOR TWO--_ZHENSIONAL ELEHENTS_ RESET CR0_3 = 0

TO RESTRICT PRINTOUT TO MID--SURFACE STRESSES,

LIHE_ 56 LINES OF PRINT PER PAGE.

IE_ _ RESET IE_ = 0 TO CAUSE THE RUN T13 _£ A_O_TED _F

AN ERROR OCCUR£ (E.G. DESI_NATE_ SOURCE DATA

SETS _O NOT EXIET_ .

FOLLOWIN_ THE LP_T RESET CAR_, ANY OF THE FOLLDWIN_ EXECUTIOH

CONTROL COMMAND5 MAY APPEARf

DIV= _1, F2, F3,

CFILTEP= F×, FY, FXY$

SFILTEP= FO_S, FONTS

F45

IN ANY OR_EP:

(_EFAULT DIV = 1., 1. , 1. , 1.>

(NO _EFAULT_

(N_ _EF_ULT)

THE MEANING OF THE A_OVE COMMANDS 15 _I_CUS_E_ L_TER.
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FDLLDWIN,3 THE E_ECI_ITION CONTROL CAR_ (IF P_E_ENT)_ A SEQUENCE

OF RECORD_ I_ GII/EN DESIGNATING WHICH ELEMENT TYPES ARE TO PE

P_DCESSED, FQR EX_MPLE_

E21: E43: E3]: _815

IF NO L_T DF ELEMENT TYPES I_ _IVEN, THE LI_T DEFAULTS TO TNE

ELEMENT TYPE_ FOR NHICH STRESSES _ERE COMPUTED _Y GSF.

PRINTDUT I_ _RODUCE_ _OR CASES ICA_E|_ IC_$E] + 1, ICASEI + _

-- -- -- ICRSE2. N_TE THAT IF THE CASE TITL D_TA _ET I_

N_T _RE_ENT IN 0LIB, _OTH L1 (ICiClE1) RND L2 (ICRSE2> SHDLIL_

_E RESET.

FDRM_T _ELECTIDN PI_ THE DI3PLAY RESET IS RS FOLLO_.

FOR _--N_DE ELEMENTF:

DISPLAY=! Foe _HORT--FORM %T_EE_ Z, ISPLAY.

D_SPLHY=3 FOR DETaiLED STRESS D_SFL_Yo

Fo_ TND--DIMEN_IONAL ELEMENT_!

I_ISPLAY=I _mt)R ST_E'_SSES.

BISPLAY=2 FOR MFMPRANE STRESS B,ESLILTANT__...

DIS:PLAY=3 FOR _END_NG _¢TRE__._¢: RE:SL.ILTPtNTE..

Fore THREE--BIMEN-'-¢_...ION_LEOLIDS (341, %_:61, S:31) "

DISPLAY=! F'_R Y,Y_Z _¢TREE.S COMPONENTS, RELATIVE TO THE"

ELEMENT REFEI_ENCE FF_F_MEo

BISPL.AY=2 FOR F'RINCIP_L -_rTRE__C.__C.ES.

D13PLNY=3 FD_ DK_. D_S, _I, Y3R, WHERE:
or4s= OCTAHEDR_L NORMAL ETREEE

= _'Pl + P2 + P_)./3_ _HERE THE PI "'_ _RE

PRINCIPAL NBRM_L _TRESSEE,

B:_:_= DCTRHED_AL _HEAR STRE_E

= .:(':P2-P3) e_2 +(Pl-P3) i_2+(PI-P2)$_2))._.5),?,

_: I = SITRE_ INTENSITY

M_IMUM I/ALIJE 10F PI-PJ°

YI_:K I_ LiNIAXI_L YIELI_ _T_ES_, _EFINED IN

THE SECTION PROPERTY INPUT (SEE _:_ 2. _© _LL_ .

FO_ ISOTRO_IC MATERIAL_ YIELD _E_N_

AT Y_:_': 1.0 (MAX. ENERGY OF _I_:TO_TIBN THEO_ l

BI3PLAY=4 FOR DISPLAY OF Sx×/Y×x, :_rY/'iYr. :_:ZZ/'tZZ, ETC.,
W_ERE THE YIJ" __ ARE DEFINED IN THE -_ECTION FRDPERT y

IN_U'T, A_ I)ESCRII:ED IN 7_. 2_ 2. 3.

7.2--2



THE FI'S ZN THE DIV COMHAN_ ARE DIVI_DR$ DF THE FOLLOWIN_

CATEGORZE£ DF PRXNTDUTw ZN THE DRDER ZNDZCATE_= (1)_TRESSES_

(2) HEH_RANE STRES_ _ESULTHNT_ (3) _ENDIN_ STRE_S RESUL_NT$_

RN_ (4) EN_ FDRCES .HND HDHENTS ZN 2--NDgE ELEHENT_.

THE CF]LTER CIDMMAN]D'RESTR'fL-TS 'PRINTDUT'JDF "_TRESS'ES FoR_LRMIPIRTE

SEC-I'IDNS. _TRESS "JDRTF_ _NZLL _]BE -PRXNTED ONLY "_[F_ FOR _'DNE LHY_

IN THE ELEHENT_ "--Jr'PIE H]BSDLUR I_L'UE _JDF "THE -F'Z]BER-']DZREC'I"]DN

NORMAL STRE-'-c.S "IEXCEE]DS "FX • _-T'HE -H]BSOI_UTE I,PHLUE _F "_'HE "TF_SlJERSE

]_XRECTZE)N NDRHHL STRE_S -EXCEE]_S _FY• ¢'_R "I'NE'R]BSDLUTE -IPHLUE "IDF"

THE LI_YER SNEHR STI_ESS EXCEE]_ -FXY.

THE _FILTER C_HMAND REETRICTS PRINTOUT (_F')_TH FDRTHREE--

_ZHENSZ_NAL SOLZ_S T_ ELEHENTS FOR NHICH_ HT SDHE POINT• _

E_CEE_ FD_Sf OR _H_ EXCEEgS FONS. IT _HDUL) _E NOTED

THAT IF THE H_E_ _ESET ZS U_E_ TD LXHXT STRESS°_ZSPLAY TD

THE ELEHENT CENTER, PRINTOUT WILL _E PRO_UCE_ _F THE SFILTER
BUALZFZCATZDN _ flET AT ANY NO_E_ NOT JUST THE CENTER.

THE _ERHZNDLOGY USE_ _N THETWD--_XHENSIONAL ELEHENT STRE_

_ZSPLAYS Z_ RS ZNgZCATE_.ON FZGURE 7.2--1.

3(z)

A

B

Mid-surface

Joint J1

A

l(x)

Figure 7.2-I: Stress Display Notation, Two-Dimensional Elements
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PSF LII

PSF Example, Element Type E21 Default Display
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EIG

Section 8

EIG - SPARSE MATRIX EIGENSOLVER

Function. EIG solves linear vibration and bifurcation buckling

eigenproblems of the types indicated by Eqs. (1) and (2).

rMX- KX = 0 i l)

rKgX + KX = 0 (Z)

K and Kg must be in the SPAR standard sparse matrix format; M may

be in either SPAR sparse matrix or diagonal format; and K must be non-

singular. K need not be positive-definite in Eq. (I), but must be positive-

definite in Eq. (2).

EIG implements an iterative process consisting of a Stodola

(matrix iteration) procedure followed by a Rayleigh-Ritz procedure, followed

by a second Stodola procedure, etc., resulting in successively refined

approximations of m eigenvectors associated with the m eigenvalues of

Eqs. (1) or (Z) closest to zero. Closely spaced roots do not adversely

affect the process.

In the following discussion of application of the process to Eq. (1),

it is assumed that M and K are n x n, and that m linearly independent

system vectors, YI' Y2' - - Ym' are known.

vectors will be discussed later. Usually m

than n; that is, m is usually 4 to 30, while

(e.g. 10000+).

Methods of initiating these

is chosen to be much less

n may be extremely large

In the following discussion,

of the Y's:

Z = ql Y1 + q2 Y2 +

= HQ, where

T l"IA

Z is a general linear combination

8-1
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EIG

H = (YI YZ .... Ym), and
.u

Q = (ql qz .... qrn )'''

The Rayleigh-Ritz procedure consists of replacing X with Z i_ Eqo

that is, substitutk_g (3) into (I) and pre=multiplying by H",

r (H*MH)Q + (H*KH)Q : 0

(3)

(I);

Using the Cholesky-Householder method,

is solved for all m eigenvectors QI' QZ' ".... Qm" The Rayleigh-Ritz

procedure is concluded by using Eq. (3) to calculate m improved

approximations of the n - order system e[genvectors,

Z I = HQ t

Z Z = HQ 2

Z : HQ
m Fr_

(4)

this low-order eigenproblem

(5)

of Eq.

The Stodo].a (rnatrix iteration) step is as follows.

(5) a new Y is computed, subject to the requirement that

MZ : KYo

From each Z

In performing ME calculations and in solving for Y, SPAR's sparse-

matrix algorithms are used. The iterative process continues by using

the new Y's in another Rayleigh-Ritz procedure, etc. Vectors are

regularly renorn_alized to avoid scaling problerns.

(6)

The convergence resulting fromEq. (6) is readily observed by

considering vectors Z and Y as linear combinations of the n system

eigenvectors X 1, X 2 -- X .n

8-2



L I1 FLUID

ELEMENTS

Where U is the system joint motion vector, the total gravitational, dilitational,

and kinetic energies resident in all fluid (F41, F61, F81) elements in the

system are, in order:

Vgr= ½ U t Kg r U, Vd= ½ U t Kd U, and Tf= ½ 0 t Mf 0 o

Processor FSM generates the matrices Kgr, Kd, and Mf, and stores them in SPAR

format system matrix data sets named FG, FK, and FM, in order. FSM requires

one input record, which defines the acceleration of the fluid relative to the

global reference frame; i.e. a is acceleration in global direction x, etCo_
x

J

@XQT FSM

G= ax, ay, a z $ No default; all 3 components must be given. Total acceleration
must be normal to the free surface of the fluid.

The following RESET controls are provided in FSM:

Default

Name Value

HLIB 1

OUTLIB 1

LREC 2200

Meaning

Library containing KMAP, produced by processor TOPO.

Destination library for outputs FG, FK, FM_

Output data set block length°

The core space required by FSM is as follows:

The block length of KMAP

+ 3 x the output data set block length

+ 3 x ndf 2 x ksize, where

ndf is the number of degrees of freedom per joint (usually 3 or 6), and

ksize is a parameter generated by processor TOPO.

The default core size is normally adequate, even for very large systems°
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12.4 APPLICATIONOFMATRICESGENERATEDBY FSM

There are manyapplications for the matrices generated by FSM,

including computation of rig_d-wa]l fluid slosh modesand hydroelastic modes,
as illustrated in examples [n Volume 3 of the SPARReference Manual°

Whenforming linear combinations of FG_FK, FM_K, M, KG, DEM,RMASS,etCo_

it is extremely important to be aware of the, potential effects of round-off

error; especially when using the single precision version of EIG on UNIVAC

systems, which have only 36 bits per word. If you are not certain of the

relative magnitudes of corresponding terms in matrices to be summed,use

processor PS to examine them. In someapplications it is possible to get

around round-off problems by changing stiffnesses. For example, the rigid-

wall fluid slosh problem is:

MfX +(Kgr + Kd)X = 0

If terms of Kd are six orders of magnitude greater than those of K it isgr'

reasonable to instead solve the following eigenproblem:

MfX +(Kg r + .001Kd)X = 0

Both problems have substantially identical low-frequency solutions, since the

fluid is virtually incompressible in both cases. When assumptions of this kind

are made, it is necessary to make post-solution checks of their validity. In

check would be to use AUS to ass_re that XtKd X / XtKgr X isthis example, a good

much smaller than io

It should also be noted that since (Kg r + Kd) is singular, fluid meshes generally

possess many zero-frequency circulation modes. Accordingly, spectral shifts are

necessary in computing slosh modes.

It should also be noted that the element volume summary printed by FSM may

indicate a correct total volume for a mesh containing input errors; e.go

an interior node may be badly out of position without affecting the total volume_
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Section A

ELASTIC BEAM, MEMBRANE, AND BENDING ELEMENT FORMULATIONS

Table of Contents

Subsection Contents Page

A-2Stiffness Matrices

1.1 Beams

1.2 Flat membrane and bending elements

1o3 Warped quadrilateral elements

2 Mass Matrices A-15

3 Geometric Stiffness Matrices _ A-19

The following table summarizes the correspondence between the element formulations

(e.g°_ K21, M62_ etCo) discussed in this section and the SPAR element designations

(E21, E22, etc°)o

Geometric

Element Stiffness Matrix Mass Matrix Stiffness Matrix

T__ Formulation Formulation Formulation

E21 Gen. Beam K21 M62 BEAMKG

E22 Direct K (see page A-4) none BARKG

E23 Bar (see page A-4) M32 BARKG

E24 Plane beam (see page A-4) M62 BEAMKG

E25 Direct K, L=0 (see page A-4) none none

E31 Membrane TM M33 GTM

E32 Bending TPB7 M63 none

E33 Mem. + bending TM+TPB7 M63 GTP

E41 Membrane QMB5 M34 GQM

E42 Bending QPB11 M64 none

E43 Mem. + bending QMB5+QPB11 M64 GQP

E44 Shear panel QMB1 M34 GQM
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1. Stiffness Matrices

Individual element K's computed by the routines K21, TM, QPB11, etc., indicated

in the table on page 1-1 ar'e relative to intrinsic reference frames imbedded

in the elements° As indicated on Figure I-1, the intrinsic frames move with

the elements as the structure deforms°

2

J1

-L.

beams

3 J-

J4

__J3

,7', ",\
Flat Membranes

i

3

J4 J3

_ 1 Flat Bending Elements
J1

_ Dashed lines indicate lmdeformed shape,

• For beams, the origin of the intrinsic frame is imbedded in (rotates _,tb)

• joint J2, to whlch the beam terminus connects°

• For bending elements, the origin of the intrinsic frame is imbedded in Jl.

. In the undeformed state, the intrinsic frames coincide with the local

"element reference frames. "

EIGURE 1-1 INTRINSIC FRAMES

The basis on which the beam element intrinsic K's are computed is discussed

in section 1.1o The basis for computing K_s for flat membrane and bending

elements is discussed in section 1.2.

Computation of intrinsic K's for warped quadrilateral E41_ E43, and E44

elements is discussed in section 1.3.
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In equation (1-3), Sll, s15 and s55 are associated with bending about principal

axis 2; s22 , s2h, and s4_ with bending about principal axis-1.

On Figure 1-3, components of the element intrinsic deformation vector, and the

associated point forces, Pi ' and moments are shown.

l

I
P5'@12 P2 'u 2

Beam Origin (Centroid) _ p4,@ll

i
The u 's correspond to the

J
first of equation (l-l).

FIGURE 1-3: FORCES; DEFORMATIONS RELATIVE TO INTRINSIC FRAME

In order to identify K, the equilibrium relation between the Pi'S (Fig. I-3)

and f.'s (Fig. 1-2) will be established° In the following, @, _ and z2 are as
I

defined on Figure 1-2. Also, c = cos 9, s = sin @.

Pl

P2

P3!

P4

P5 _

P6

I

0

0

0

0

-Z 2

O O O O O

1 0 O O 0

O 1 0 O 0

0 0 1 0 0

0 0 0 1 0

zI 0 0 0 1

c -s O O O 0

s c O 0 0 O

O 0 i O 0 O

0 0 0 c ®s O

0 0 0 s c O

0 O 0 0 0 i

£i

f2

f3

f5

f6

or,

p = T f, (1-6)

where T is defined by equation (1-5), and p -- i P2"'" P6 "

The kinematical relation indicated by equation (1-7) may readily be verified.

6 = Tt U. (1-7)
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From equations (l-h), (i-6), and (I-7),

p = T S Ttu, or

K -- T S Tt, (1-8)

If the shear center and centroid coincide, and the intrinsic frame axes are in

principal planes,

K= S,

The following symbols will be used in identifying the eight non-zero s.. 's.
iJ

L -- length of beam.

A = cross sectional area

E = modul.us of elasticity, ,

G = shear modul_m,

I1, 12 = cross-section momemt_ of iner%ia about principal axes 1 and 2,

respectively,

_l; °2 -- transverse shear deflection constants (see Timoshenko "Strength

of Materials," Part i, p. 170),

C = uniform torsion constant, and

C1 = non-ur_form torsion constant (see Timoshenko "Strength of

Materials," Part 2, p. 255-273).

1_e axial spring constant is

s33 = AE/L.

The torsional constant is

s66 = _ 1 b " , where b = _-

which assumes n ° warpi_f_ of end cross sections.

Under the usual assumptions of Timoshenko beam theory,

d
61 = fl 3 El 2 f5 2 EI 2

L2 L

65 = -fl 2 _2 + f5 _22 ;

L 2 a2L

+ fl G--A--'

LI3A
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\

LI0

or where eI

E12

GA 2 and kI

E12

+ L2/12 '
eI

/

and

61

f5

L2

I 1

2 L

I_ i
L 2

kI

m

• i

!

From the above_ the first set of bending stiffness constants may be identified as_

Sll

s15

SEE

1
= _ k1L

= _ik12 ' and

Also,

I

s22 = _- k2,

1 k2, and
s24 2

s4_
e2

where the definitions of k2 and e2 are analogous to those of kI and e1.
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1.3 Warped Quadrilateral Membrane and Bending Elements

Intrinsic deformation vectors for slightly warped quadrilateral elements are

defined the same as indicated in Eq. (I-1) for flat elements, except that the

deformation components of node 4 ( u_,
@4
i ) are parallel to the x -9- z

frame shown below, z

_/ Point m is in the
9

_/ x-y plane, and line

z _h - D-J4 is perpendicular

J4 i___ x ._ to the x-y plane.

Intrinsic Frame

/// ''__2 is ilXx-Y plane '

\

The orientation of x - y - z is defined by the following sequence of rotations,

beginning with x - y - z parallel to x - y - z:

(1) Rotate _ about z until J2 is in the y-z plane.

(2) Rotate 8 about x until J2 is on the negative y axis°

(3) Rotate-_about z o

As a result of the above sequence, J2 lies in the x-y plane, and x and y are

nearly parallel to x and y , provided that the warping is slight (i.e., B f .05).

The basic assumption used in forming stiffness matrices for warped quadrilateral

elements is that the terms of the intrinsic K are the same as if the element

were flat, i.e. the same as if J4 were in the x-y plane. As an example of the

effect of this assumption, note that for E41 elements, a displacement of J4 in

the direction of z will produce no stress in the element.

Warping is taken into account only in computing element stiffness matrices, not

in computing consistent mass or geometric stiffness matrices.
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Section B

FLUID ELEMENT FORMULATIONS

Fluid element types F41 (tetrahedron), F61 (pentahedron), and F81

(hexahedron) are illustrated on Figure I.

Jl

J4 / y

J2 _x

J4

z z

J6

Jl _------ x
J2

F41 F61

J8 J7

J3

J2_X

F81

Figure i: Fluid Elements

Y

Individual element state vectors_ q, for each element type are summarized

below°

For F41's:

q

Ull

U21

u31

UI2

U22

U32

®

UI_

U24

U34

For F61's:

q

UII

U21

u31

UI2

U22

U32

UI6

U26

U36.

For F81's:

q

._.21
_31
UI2

U22

U32

o

UI8

U28

U38_

(i)

Ui_ is the direction-i displacement of node j, relative to the local

element reference frame.
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For an individual element, dilltational elastic energy, Vd' gravitational

potential energy, V and kinetic energy, !if, are expressed as quadraticgr '
i

forms in the Uij s as follows°

-- Kd q = ½ V
e

Surface:

(2)

t_

Vgr = ½ q Kgr q = ½ mgn
w dS

Surface

and (3)

f f m / (62 + +2 + _2) dr.

Volume

(4)

Is the above equations

k = fluid bulk modulus,

V = element volume,
e

w = displacement normal to the element surface,
S

m = fluid mass density,

gn = component of gravitational acceleration
normal to the surface, and

u,v,w = displacement components of a fluid

particle on the interior of an element.
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Section C

CEIG- Complex Eigensolver

CEIG solves hlgh-order linear eigenproblems of the following type:

_2MX + _(D + G)X + KX =0. (1)

Matrices M, D, and K are real and symmetric. G is real and antisymmetric.

M may be diagonal or general (SPAR-format). D, G, and K are SPAR-format.

The complex eigenvalues and eigenvectors, i and X, occur in conjugate pairs.

The primary application intended for CEIG is computation of a limited number

of eigensolutions for damped and/or spinning structures modelled by finite

element networks of high order, ioeo many thousands of degrees of freedom.

Iterative Procedure

CEIG iterates simultaneously on approximations of n eigenvectorso In the

following discussion_ YR and YI are the real and imaginary parts, respect-

ively, of the current eigenvector approximations at the beginning of an

iteration cycle° That is, where the current approximation of Xj is YJ + iYJ,

= 2 _ _ y_}YR {Y_ YR

= 2 _ _ y_}YI {Y_ YI

Each iteration cycle consists of the following steps° Details of individual

steps are discussed later°

I- Eigenvalue approximations, _J, corresponding to each eigenvector

approximation, Y_ + iY , for j = i through n, are computed and compared

with the corresponding eigenvalue approximations as determined in the

preceeding iteration cycle. If the convergence criteria are met (see

Volume i of the SPAR Reference Manual) execution is terminated.

Otherwise, the following steps are performed.

(2)

C-I



2- A Stodola procedure is executed to establish improved eigenvector

approximations_ ZR + iZi, where

n

_- 2 __ zR }ZR { Z1 ZR

I 2 n

Z I = {Z I ZI - _ ZI].

3- Preparatory to performing a Rayleigh - Ritz analysis in which

coefficients of the (Z_ + iZ3T). 's are used as generalized coordinates,

the following twelve n by n matrices are 'computed:

t _ _ t
ZR M ZR_ ZR M ZI, ZI M ZI,

t D ZR t tZR _ ZR D ZI, gI D ZI,

ZtG ZR t G Z I ,tR _ Z R _ Z I G ZI,

t K ZR t , ZtZR _ ZR K Z[ 1 K ZIO

4- A Rayleigh - Ritz analysis :is performed, resulting in computation of

new approximations of n eigenvalues, and the four Ekm matrices used

in the following step°

5-The final step in an iteration cycle is back-transformation of the

eigenvectors computed in the Rayleigh- Ritz procedure:

(3)

(4)

new YR = ZR ERR + ZI ERI

new YI = ZR EIR + ZI Ell" (5)
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/ Section D

Three-Dimensional Solid Element Formulations

For element types $41, $61, and $81, the basis of individual element

formulations is as follows.

Stiffness and stress matrices are based on the assumed stress field-

minimum complementary energy (Plan) method, which is described in

general terms in Section A, Volume 2 of this manual. For $61 and

$81, the assumed stress field is as follows:

/

o = B I + B7 y + B8 zx

Oy B2 + B9 x + BI0 z

= B3 + x + B Y°z Bll 12

_xy B4 + 813 z

ryz = 85 + 814 x

= B6 + yzx B15

+ BI6 yz

+ BI7 xz

+ BI8 xy

For $41, only B 1 - B6 apply (constant stress).

Consistent mass matrices, as computed in processor M, are based on the

same formulation as described in Section B for fluid elements $41, $61_

and $81. In processor E, diagonal mass matrices are computed by, in

effect, computing consistent mass matrices, then summing terms to obtain

the same nodal forces under uniform translational acceleration as would

be computed using the consistent mass matrix.

Initial stress stiffness matrices, Kg, are not computed for $41, $61, or
$81 in processor KG.
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20. THREEDIMENSIONALSTRESSANALYSIS

Comparisons are madebetween analytical solutions and results obtained
using the three-dimensional solid elements. In comparisons of this type,
there are always questions as to the most appropriate choice of mesh
geometry and boundary conditions. The data input for each example is
listed, defining completely all aspects of the finite element models.
Since the input is quite brief, detailed explanations of basic problem
parameters are not duplicated in the text.

20.1 BEAMBENDING

The finite element model illustrated below was used to analyze bending
of a bar of square cross-section, for comparison with the analytical
solution given in Chapter 15, "The Mathematical Theory of Elasticity,"
by A. E. H. Love. The applied loading was self-equilibratlng; accord-
ingly statically-determinate constraint was imposed° End shear loads
were distributed parabolically, and the end couple formed by linearly-
varying direct stresses. Since the three-dimensional elements use only
nodal displacements as generalized displacements, it was not possible to
match displacement derivitives at the origin with those of the usual
analytical solution; accordingly, rigid body motion in the analytical
solution was selected such that lateral displacement at (0,0,4) was
identical to that of the finite element solution.

Y

--_ 0°5

r__ _ 5___

i

I

L

_i
0°5

I 106 4°0 L-I

E = I0.92 x

V = .25

i!iitIIir!
XZ = symmetry plane, YZ = anti-symmetry plane.

_ Z

X

Direction Z normal stresses throughout the model agreed with the analytical

solution to 4 decimal places. Displacements are compared on the following

page. Transverse shear stresses are compared below:

$81 Analytical

At x = -.125, y =-.25: -137.5 -138.2

At x = -.375, y =-.25: -62.5 -64.3
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Comparison of displacements, beam bending solution:
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_o 197=n5

- _ 248- 05

-, 4 0 O- 06
o 0 00 ,
. 000 *
,495- A4
o 49 O- 04
. 1 02- 0 ::-:

1 03--i'Ji?

• 0 I.'10 i

• 0 [I 0 *

.942- n4
•937- i)4

,<192_ 02
• 000 *
o 0 ? 0 *
. 1:32- 0:-'.
. 131 - 0:3
.267- 0:3
.2 E,7- n :3,
. 000 *
. 000 *
. 16:3- 0:2
. 162- i:,3
.329- i"3
o329- (i7:
o 000 *
. I)I) [I *

. 1 ',?,7'- (7,"_-<,

. I :D.#_',_ l'J 3

":'" 7- ,'i7:• ._, i

7, 0:'-:.3-":'-

• i,I 0 I.'1 i

• 0 i'i i-i +

o2 n4-n =:

.2 04-q -:

o412- 05:
.412- ('-:
. I)fi I) i

• (t (I I) t

•2 14- A:'_:',
•214-(' 2:

• 43 2 - ':' "_':
•4 :?2- ')7:
• 000 *

. 0 0 0 @

• 21 E',- 0 -:
• 2 1 ,"- ';' 7'
• 4 :E:9-07:
•4 :?9- ':'E'
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Data input for finite element solution, beambending example:

2
3
4
5
6
7
8
9

10
11
12

1 ;'X@T TAB
START 54 4,5,6
JLOC: 1 • O0

6 .00
5 -°50
6 -.50
3 -o 25
6 -°25

.00 .00 .00 -.50 .UU 2 1 9

.O0 4.00 o00 -.50 4. UO
o00 .00 -.50 -o50 .00 2 1 9
.00 4. O0 -o50 -o50 4. O0

.OO .00 --.25 -o50 .00 2 1 9

°00 4. O0 -.25 -.50 4. O0

14

15

16

17

18

19

20

21

22

23 @X@T ELD

COM=I: ZERO 1 2 3: 1: ZERO 3:5

SYMMETRY PLANE=2

ANTI SYMMETRY PLANE=I

MRTC: 1 10.92+6 .25 .098

1:-_4.'-_XOT RUS
Tg_LE(MI=31,tIJ=I): PROP ]_TAB 2 2}

J=l : . [98>
9 o 1575-8;>

J

-2. 2894-8 9. 1575-8>

-2° 2894-8 -2. 2894-8 9. 1575-8>

Oo O. O. 2. 3810-7>

0o O. 0,, 0o 2o 381 0-7>

0,, 0° i). O, O. 2, 381 [I-7>
12o6-6 12o6-6 12.6-6 I_ Io I. I_ 1. 1.

;--;:3
.94
:_--:5
36
-q7
:--:L::
:39
4 h
41
42
4:5
44 _'./-.t.-,T SSDL
45 _;Z.OT k,'PPT
46 L I MES=54

24 S.ql: 2 8 1 2 6 _I 2 0 1

L.=, _,XOT E

26 RESET G=386o
27 ;'XOT EKS
28 8XOT TOPO
29 _.'Z.OT k"
30 ;'X.K!T It'tV
31 ,gXOT AUS

ALPHA: CASE TITLE 1 1
I'TRAHSVERSE SHEAR LOAD = 100 L_S

$YSVEC: RPPL FRRC 1 1
CASE 1: I=1: J=49:50: 4.4928

J=51,52: 6.640

_I=53,54: 1.3672

J=1,2: -4.4928
J=3,4: -6. 640

_I=5,6: -1.3672

I=:3: ._I=1,2: -12.5
._1=:-._,4: -75.
._1=5,6: -62.5

47 TPRIMT STAT DISP 1 11>

48 "DISPLACEMEMTS, 54 JOINT IXI BERM, REGULAR GRID
49 TPRIMT STAT REAC 1 11>

50 "REACTIONS: 54 JOIHT 1X1 BEAM, REGLILRR GRID
51 ;,XOT GSF
52 F_,XOT PSF
=,o 8:_OT DI__.I_I
54 TITLE 1_54 JOINT 1X1 SQUARE BEFtM, E_EGULAR GRID
55 TDC I

=.6 STOP
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20.2 TORSION OF A SQUARE PRISM

The finite element model shown below was used to analyze torsion of a

square prism, for comparison with the analytical solution given on page

275 of "Theory of Elasticity," by S. Timosh,enko and J. No Good_ero The

applied loading consisted of specified displacements at joints 122

through 242, corresponding to a rotation of .01 radians about the Z axis°

Io0

Z
_-0o5

__132

Jq

_'242
7

12 21

X

E = 10.92 x ]06

= °25

Twist, about the

Z axis = .02 radians/in°

XY, YZ, and ZX are

anti-symmetry planes.

The assumed stress field on which the $81 elements are based is such

that for this solution, the shear stresses within each element are

constant° Except :in the vicinity of corner node 121 (x = I, y = ])_

where the stress is; zero, the finite element results compared closely

with the analytical solution. At the locations of maximum stress_

(I,0) and (0_I), the error in the finite element solution was less

than I%. Errors in mid-element stresses near node 121 were typicaliy 5%°

Cross-section warping results are shown on the next page.
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Comparison of cross-section warping,

$81

,.inIhiT 3 drlIMT

23 .000 * 23

24 -. 440-05 24
25 .341-08 25

26 .220-04 26

27 .705-[14 27

28 .154- O:Z_ 28

29 .281-[,3 29

3 0 .459- 03 3 0
31 .695-03 31

32 q Q,=,-I"Lo, "_'-'• ...... .-,

33 °136- 02 3:3

45 o000 * 45

46 -o 440-04 46
47 -. 705-04 47

48 -. 617-04 48

49 -. 304-07 49

50 = 133-03 50

51 °355-03 51

52 .683- 03 52
53 .113-02 53

54 . 17'2- 02 54

55 .244- 02 55

67 . 000 * 67

6'.-: -. 153-03 68
6'9 -. 281 - ,3:3 d.9
70 -. 357'-03 70
71 -° 355-03 7'1

72 -. 246-13:3 72
7':3 -. 32 (I- 08 73

74 .413-13:3 74
75 . I 02-02 75

76 .186- 02 76

,'",-' .29:3- 02 77
89 . 000 + :--.'9
90 -. 363-0:-: 90
91 -. 695-03 91
92 -° 96,3-03 92

9:E: --.113-- 02 93

94 --.117--02 94

"_ 1 02- Fi2 95

96 -. 652- 0:-: 96
97 . 189-08 97

98 .996- 07: .98

99 .239- n2 9'9

111 .00n - III

1 12 -. 697-03 112

1 1:i-:-. 136- 02 113

114 -. 196-02 114

1 15 -. 244-n2 115

1 16 -. 279-n2 116

117 -. 293-02 117

118 -.282-02 118

119 -.239-0;: 119
120 -.152-02 12('

121 -.648-07 121

20.5

torsion of square prism:

Analytical solution

3

• 000 ¢

-. 438-05
.531-09
.219-04

.701-04

.153-03

.280-03

o457- 03
.693- 0:-:
•992- 03
.136-02
. 000 *

-. 437- 04

-° 701-04
-. 614-04

.209-08

• 1:32-03
,353- 03
.680-03

. 113-02

•171-02

•244- 02

• 000 *

-. 152- 0:-'.
-. 280-0::-:
-. 355-03

-. 353- 03

-o 244-1:13

.454- 08

•411 - 03

• 102- 02

. 185-02
•292- 02
. 000 .*-

-. 362-0_'

- +69S- 0:3
-. 960-0:3
-. 1 13-02
-. 116-08.'
-. 10;:'-n2
-. 649- n3
•745-0o

.990-0;}:

• 238,- 02
•000 +

-. 696-0:-',
-. 136-02
-. 195- 02

-. 244-1:12
-. 275:-02

-. 292- 02

-. 281 - ,:,2

-. 238- 01--'
-. 151-1,2
•895-05



Data input, finite element solution, torsion of square prism:

I

3

4
5
6

8
9

J 0
11

:12

3
14
15
16
17
18,
19
2 0
21
"'0 O,
L.L

E'4
.% _=-

26
27
2:-:

:-' 0
01
32
"2-. 0
4.._,

2:4

:36
%7,
•_. F

? 9

4 0
41
48

4:7:
44

46
47

4 :-:
49
50
51
-=,2
_,.2,

54

gqw,0 T TAP,

STAPT 242 4,5,6

JLDC: 10. O. 0.0 1,, Oo O,,u 11 1 11
11 O0 1. 0o0 10 1. 0o0

1828 O. O_ OoB 10 O, 0,5 11 1 11
11 O. 1,, 0°5 1. I, 0.5

CI]M= I_ ANTI SYMMETRY F'LF_ME= I

AMTISYMMETRY PLPME=2

RHTI3YMMETPY PLgIHE=3

MDMZERI] ! 2: 122,242

REPEAT ]I II O: I.'II, 122/132

1 10.92+6 .25 . 09.9

J 5:E{.'):
MA T t:":

@,'-<0 T 9US

TF_BLE<MI=31,MJ=l): F'RDF:'B TRB 2 21
J= 1 : o 099 >

9_ 1575-8>

-2 o2:E:94--8 9 o 1575--8>

--2°2894'--8 --2o2E_94--8 9, 1575=8._

Oo Oo O, 8o :381 0-7>
O. O. O_ Oo 2.3:B1 0-7>

O. O. Oo O. O. 2.2:81 0-7>

12.6-6 12.6-6 '12.6-6 1. 1. 1. 1. 1. 1.

20.6

_>,{OT ELD

381: 1 10 10 1 1 11 :121 0 1
F_OcC!T E

P EL'--'ET G=3:36.

_n><C!T EV$

geNOT TDPO ,,,
_,/IP'T Y.

,9/OT I M'-+'
i;+'.:<J-!T H LI7_.7

FtLPH_a CF_$E TITLE
I"TI,_I-:T = . 02 pAInIAHS/IMCH

F'= RIGID,'I?,: DEFIME F'6:= P @U:S 1 1 6,6
APPLIED MDTIDM'_-. I= UMIOM,'. 01 P6)

SYS;?EC_U: F_PPLIED MOTIL'2f+:-I

DPEP_TIOM= >c3"UM: I=I 2 3: .J=1, 121: n. n. O.
;;'°;:',17'T STOOL
g';--',g'T FlUS

DEFIME .S:P= STRT PERC I

DEFIME P6= P ALI$ I I 6,6
B_..TE IPERC: I= IJraIOM ($R)

SYSWEC_IJ- BNSE RENC I

OPEiRRTIDIM= XS:LIP.I=!=I 2 3: J=122,242_ O. Oo O.

TDIPOU'E= XTY <4. BF_SE, RE.>
._'>::C'T DiZ:L_

PRIP'+T 1 TORQUE

g",>::0 T VPPT

HErB ]MG- 1

"FPF'IMT $:TAT DISP I I"$PF_P ._II-IIMTII]_PLACEMEP_TS
_'>-'.C'T GSF

aC<C'T PSF

D IV= 1. +:3

S:81
STOP
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20.3 PRESSURIZED SPHERE

The finite element model shown below was used to analyze a pressurized

sphere, for comparison with the analytical solution given on page 142

of "The Mathematical Theory of Elasticity," by A. E. H. Love.

i
/

:\

Z

I0°

36

E = 10.92 x 106

= °25

Internal pressure

at r = 60 is 40.

External pressure

at r = 120 is 2200.

=,-X

Results are shown on the following page.
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Radial displacements in the pressurized sphere, as computed iD the
finite element analysis, are compared below with the analytical
solution:

$81 solution _Analytical solution

JD I t_T 3 ._tO I MT 3

I -+ 155-01 I -. 153-01

5 -°_ 146-01 '5 -o J44-I]!

9 -_ _42-01 9 -0+ 140-01

1:2o --° 141-01 13 _. 140-01

17 +'= 1,4_-01 I? -o 141-01

i_?I ....° i4 E,- 01 E'i - o.144- i;'+1

E'5 .... _ 150-,01 E?5 -. 149-01

E'9 -. 155-01 E'9 -. 154-01

:E:--:....° 16 I--U;JI 3:3 --• 159-- 0 I

Stresses in the finite elemertt model are compared below with the

analytical solution:

$81 so]ution Analytical solution

GF'F'-I MD+ ._ID I HT r"......

I -" 1 * M I D -, 35:-'_÷ I'14

1 .... 2 * M ID - o:-:L=.':F:+ (,i4

1 r" _+'*' M 1 I, - o._,'_13:_._+ 04

1/ 5 * M ID -o E':_=:5 + 04

J_.... 6 * M I D -. i?_79 + n 4

I , 7-* r,11I, -. 2'7.1+ (,4

1 ..... :9- r.11D -. E'70 + 04

:_:'/ .??
.,2 __

-.:35:9+04 -o459+n:-: l

-.:-:2:9+04 -. I05*04 2

-+ -', ,]- + 04 -., 147: L+ _:._4 :_',

-o295+i1+4 -. 169++?+ 4

-. E'E:5+ Of4 -,, 18:<+ 04 5

-. 2-"79+ r+4 -. E' 01 + 04 6

-.2'74.*04 -.211+O J. 7

-. E' 7 0 + 0 4 -. E' 1 <"+ 0 4 ',::

O _, 0 O
x y z

-. :-:54'_ .1+ 04 -o 4_6:-:3+ 0;-:

-° 3E:+...'="41 + 04 -o 1 0175+04

-°:-:0608+04 r*J" 14042+04

--0+29289+ 04 -. 166:90+04.

- 2',=::q_,,cJ+04 - 1 '-'= O+......... .-....,4 • C,4

-. E'.6:F:4+ 04 + ° 1 9:.=-:'-_O+ <,4

,-, 1 .=,= rJ4 -./=' h::' qE'+ +_.4

--. E'_.E',OE'+ 04 -. 216.57,+ 1-14
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Input data for the finite element model of the pressurized sphere
was as follows:

6
7
8

9
10
11
1 2 MFtTC:

13 CI']H= 1

1 @×OT TAB

2 START 36 1,2,495,6

3 TITLE"SPHERICAL SEGMENT, R0=120, P I=60

4 JLOC: 1 -5.229 -5.229 59.772 5.229 -5.229 59_772 2 _ 9
5 4-10.459-10.459 119.543 10.459-10.459 119o543

3 -5. 229 5. 229 59.7'72 5. 229 5. 229 59. 772 2 I 9
4-10.459 10.459 119o543 10.459 10.459 119.543

flLTREF: 2 2 -5. 1 +4. 98107: 3 2 +5. 1 +4. 981 07

4 2 +5. I -4.98107: 5 2 -5. I -4.98107
JREF: MREF=2: 1,33,4: MREF=3: 2,34,4

MREF=5: 3, 35, 4: MREF=4: 4.36,4

I 10o92+6 .25 . 098

17

18

19

20

21

22

23

24 ,_q'::13TELD

25 $81 :

26 _XFJT E

14 _._.£_TALiS
J

15 TRBLE(MI=31,HJ=1): PROP I_TAI_ 2 21

16 J= I: .098>

9 + 1575-8>

-2. 2894-8 9. 157_-_

-2°2894-8 -2.2894-8 9. 1575-_>

O. 0o Oo 2. 3810-7>

O. Oo O. O. 2. 3810-7>

O. O. 0. 0. O. 2. 3810-7>

12.6-6 12.6-6 12.6-6 1. I. I. 1. 1. I.

1 1 1812401

27' bESET G=38e'..

28 @XC,T EKS

2'9 g,X_�T ToPn

30 _Xt-4T K

31 _aXCT IMV

:32 _'XC_T FILl:S:

3.'--I ..--*.,._, _r" r.._ .-.,._:.',c,_.- FIPPL FOF'C 1 1
:34 1=3: ._1=1:4: 109:3.84: .J=:S:3,3,b: -240659.
_'.5 FILPHFP:. CFtSE TITLE I 1

.'5_-:6 1"II"ISIDE PRES:SI_IRE=4A, OI_ITS:IIIE PRESSI_IRE=2200
3 7 ;9>C_3T :-_-:::'_-.:[]L
•..,":',_.':';9>-',F,T G:':--:F
3 '9 ;;_:×:0T P.-"SF
4 fl S:TDF'
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20.4 ROTATING DISK

The finite element model shown below was used to perform an analysis

of the quasi=static response of a rotating cylindrical disk, for com-

parison with the _nalytical solution given on page 148, "The Mathematical

Theory of Elasticity+" by A° E. H° Love+ The XY plane is the mid+plane

of the disk. The system diagonal mass matrix was used in computing the

centrifugal force field due to the rotation about the Z axis.

10.0

\

36

E = 10.92 x 106

v = +25

Constant angular

velocity about the

Z axis = 3000 rad/sec°

XY is a symmetry plane.

12

8

4 X

Results are shown ,on the following pages,
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Stresses computed in the finite element analysis are compared below

with the analytical solution. All $61 and $81 elements were defined

such that the element reference frames were parallel to the global
frame. Accordingly, SX and SY are circumferential and radial normal
stress, respectively.

$81 stresses
_____tical solution

GRP- IMD* .JDIMT -;-v :Sy
":°" SX

1/ I* MID .911+05 .89:_--:+05 I ' -91215+05

]/ 2" M ID 8:3 O+ n.=, :34i'i+0._ 2 88 rl_1+ O.=,

I.-" :-:* MID °E'34+05 o753+05 :-' o83405+05

I/ 4, MID .77-"I+05 .637+05 4 o77157+05

i/ 5* MID °694+05 .493+05 5 o69347+05

I/ 6* MID .600+05 .317+05 6 o59Q.75+05

I.... 7+ MID .488+05 o II:::+05 7 .49041+05

1.... ',-:+ F'IID .91 0+05 .897+05 8 o911 09+05
I..... '_+ M rD :-:?9 + ii.=, ,z.--,,_.5

...... ,_,.-,..+ O., 9 .:37985+ 05
1.... 1 O* MID .83:-:+05 .752+['5 :I0 .',E',:3299+05

J/ 1I* MIB "770+05 "636+05 11 "77051+05

I/ 12+ MID 0_'Q2+ f]=' 492+0.=; I':' "6924 I+0_
I....I:_* r,11D 599+ o.s --_-, -=

- - .... .:,! ,-.+(r._, 1:3 .5987 O+ 05
1.....14+ MID 4....+0_, o1 13+05 14 .489:?6+ 05

1/ ]5* M ID .9 08 + 05 .894 + 05 15 •9 0:-:9:_=:+05

1./ 16- MID .877+05 .87:7+05 16 • 8,-'77"_+05
I.... ) 7* M ID :-:o,-_÷cm _= ,;+r,=, i 7 r.--:n+ ,-_.......... "'-'° -- . :-:'3 ......
1....18* MID .768+05 •634+05 IF_: •76840+05

I." 19+ MID •e,9O÷ 05 .4E',:-:+05 19 •690:_--'0+05

I..... E'o+ MID .59:-:+05 .317+05 "20 -59E,5:_--:+05
1......21* MID °4_'6+05 ..115+05 21 .48724+05

SY

.897" 09+ 05

•:-:3907+05

.752 05+ 05

o63601+05

•49097+05

•31692+ 05

.11386+ 05

•896 03+ 05

• 838 01 + 0 5
.,-"5099+ 05

.63496÷ 05

.48991 + 05

•31586+05

o11280+05

•:-_9:_--:92+05

•8:-:59O+ 05

•74887+ 05

• 6:3284+ 05

•4,'-,'7:-.'O+ 05

.31375+ 05

o1. I069+05

$61 stresses
Analytical solution

GR F'- I r4I, * ._IDI MT :-:;:..-_ :-::,..
l .... 1- I'IIB • 926+05 9;:'6+ 05 SX

• .92625+ 05
I/ 2* MID •925+05 •925+n5 •92519+05

1 ..... :-',+ /'lID .92:-:+ 05 • 92:-,'+05 • 9230E;+05

SY

•92328+ 05

• 92222+ ('5

• 9201 0+05
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Displacements computed in the finite element analysis are compared

below with the analytical solution. Direction i is radia], and

direction 3 is parallel to the Z axis.

Finite element solution Analytical solution

JO IMT

I

2

4

5

6

7

Q

]0

11

12

1:9

14

15

16

17

1::
19
2 0

21

2:-:

24

"Z_.-L=,

26
•--,7
L--,P

"----'C'

:-:n

:'I

"D 0

"_o-'2,

34

:-:6

I o., JO IMT 1

. oon . -o426,-02 I °000 *

o00n _, - o2:94.-02 2 .0 0n *

. 000 * - ,, 14 2- 02 :E: . 000 '_

. 000 * ,_000 * 4 . 000 "_
° 79 l-n2.. - ,: 42 n- 02 5 . .?o°_-02_,°,_
°793_ 02 ....,,280-02 6 .F92=A2

o7'94- 02 14 O- 02 7 ?_o= n2

.795- 02 , 00 n # E: _ 7:a4- 02
o155-nI -,,405-02 9 . 155-01
.156"-01 -o27n-02 I0 . 155-01

.156-01 -. 135-02 II ° 156-01

.156-01 o 000 # 12 o 15E.-01

.226- n.1 _ o:,--,._,°n.- 02 13 o225- n_1

.227-nI -o 253-02 I4 .226-01
. _ .-= ¢-o-,-__n I - I¢_:--'-n2 I=, :,_- 01

°227-]I o000 * 16 .227-01

.28:9- 01 - o 344- 02 17 ° 2:-: 7- 01
o289-01 -o 230-02 18 .288-01

_ n 2 89- 0 1°299- n i 0 J]00 * _- o
-- - :%o.=,,q_ n I o. _' _',_-y,- n2 a :_ .3:37- 01

o°) I:: _ o-_- n J _- 199 - n2 338 - 01
__,°.:, . ,93'9 _ 0 1.340- 01 -o 9'9 o_ 07:

. -'.4 ]- n I . 000 * 24 .3 :-',9- 01
"-'= :=',7 :q- A ].:374-01 -. 242- 02 c.........

.376- 01 -'.161 - 02 2E, .:374- I_'II

.:5:77-nI -. 8 n7- n::: 27 .375- 01
2:-: 37 6 - 01.377-01 . 000 *

.3'9:7:- 0 1 --. 171 - 02 2 9 . :-:92- [ 1
o Y95- n 1 --. 115- ':'2 3 0 . "39-:- 01
. -°9,5- n 1 --, 574- 0:7: :7:1 .3'94 - 01

._.':',._':' . :3'95- 01. 7:::96_"0 1 o 00 (' *
_:' 390 _ 01::o:_':°o_ n i -- 1 1 8- 0 2

o 394- 01 -o o 7 :-:1 - 03 34 .392- 01
. :, _.o,- 0 1 o 3 9 '7'- 0:9 :e _ 3 09:3- 0 1

:7:6 .3'93 - 01
.395-']I o 000 *

-. 424- 02

-. 2:-',3- 02

-. 142-02

-. 634-I O*

-° 418- 02

-_ 28 0-,02

=, 14 0,_02

-. 4 0:3_::02
-. 27 0--. 02
-. 1"-',5-02
-. 6 04- 1O*

-. 37:_:-02

- o 25 :--',- 02
-. 127- 02
-. 566-I O*

-. 342- 02

-. 22'9- 02
-_ 115-02

-,: 513-I O*
, 296- 02

-o _9 8-- (,2

-o 9 9 :-:- 0 ::-:
-. 444-1 O*

-. 24 O- 02
-. 16 1 - 02

-- • ,D I..I._,- II .-,

-. 36 O- 10'*
-. 173-02
-. I 16- 02
-. 5:E:4--0:-:

-. E'61-1 ':'_
=o 966-0:-:
-o 652 _o03

_o 329- 0:?,

-. 147-i O*
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The following input data was used to generate the finite element

solution for the rotating disk:

/

I

2

3

4

5

6

f"

.:q

9

I0

11

12

13

14

15

16

17

18
19

20

21
.-..-o
L..L.

23

24

2 =,

26

L_--i7

2_

_._

3 C0

°J, I

0 :,
•_, L-=

3:3:
:-:4

:-:6
.-_,
--,I

•_, 0
., ,_,

39
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STRPT 68 4:5,6.

TITLE'ROTRTIriG DISK, STRESS MODEL

QLTPEF: 2 3 5. x 3 3 -5o

JLOC: FORMPT=2

MPEF=2: 33 O. O. I. O. O. O. 4 1 9

4 10. 0. I. 10. O° 0.

MREF=?: 1 0. O. 1. O. O. O. 4 I 9

4 10. r,. 1. 10. O. O.
: _7,68 MREF=-:-:: 5.,:::AJPEF : MPEF=-;:' 3 • . : _ _

CON = I : ZERO _'=':1 ,.68: ZERO 1: I ,.4

SYMMETRY PLRME= 3

,J,?-El): 1/4

P EF'ERT 8 4: 5/8, 37/'4L'I
J

M_TE:: 1 10.9;£+6, .25 . 09: E',
_::.t.IT.!T FII_1.'Z:

TABLE(MI=31.,MJ=1> : PROP BTOB ;£ 21

J = 1 _" ,0 9 :-',>
o =,,. =, _-.,9 1-_ _"._-,-C •

--- o .=,, .=,° ;£894-8 9 1._ _._-:-:>
_':',-. 2:-:94-8 -2 . ;--'894-8 ':4...15,?" 5-8>

0. 0 ° n. 7'. :-::-:1 0- 7 >
n. O. n. O. 2, :381 0-7>
O. 0. O. Oo O. 7'. :-',:31 O- 7 >

12o6,-6 12o6-6 12.6-6 lo 1. 1. 1o 1o 1.
8':::'OT EL D

Y:8 1 :

:S:6.1 ._
40 1 7 3-3;£ 4-I 0 I
397:3 4084

38 6 ;£ 39 7 3

:37 .=, 1 :'::_ A 2

;;K:-::I..-.,T E
PE:_ET G=:3:_::6,.

;;i ::-:'I;I T El':;;]:

;;"::-CF!T TRIPE]

,;,}::r!T IM',,;
,_0-'.0 T R I_1>_-.;

TABLE (HI=I : H._I=6,L::) : ::.:i
TRRM (_:OI_IpF:E=.JLOC ; I L I M= 1., ._ILI M=6L:.', .?I::R:_E= 0, S:-:K I P=2)

TFd:',LE (M I = 1., M.J=68> : Y
TF'RH (SOURCE=._ILOC., I L I M= 1 : JL I M=6.:-;, .'!:]::R:'-.E= 1 : S-'S:VI P=2>

::.::2= SOLIRPE ,'.,':-.',.:,: Y2= :'_--:OLIRPE(Y)
::'.','2Y2= SLIM (::-';£ : Y2) : F..'p= SI-!PT (::'_2Y;£)
TRBLE (MI=3, M._I=68) : El

TPAr4 ("S:OLIP C:E= t;?I;;?., I L I M= 1, JL I M=6,8 : 1,.'3:1<I F'=2>
RPPL FOPC 1 1= PROD(9.+6 BEM, PZ:,
RLPHR: CRSE TITLE I 1

I"RMGULIqR VELOCITY = 3000 PRDIIqM:'_--:PER :_.:EL-OM['

,$,::..'r! T S:!-:OL
.;K.::OT VPF:T

TPPIMT STRT DT$F' 1 1
TPPIMT _:TDT PEI_C 1 i

;;",:{0T GS:F

@.v.oT PSF
STOP
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